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PREFACE. 

This treatise is intended for students preparing for 
the Degree Examinations (Pass and Honours) of the 
Indian Universities. To suit all classes of students 
the elementary portions of the subject have been 
incorporated, and analytical as well as graphical* 
expositions have been included as far practicable. 

The author is indebted for assistance to almost 
all the important treatises on Sound, and - his thanks 
are due to Prof. J.t N. Sen M.A., of the City College, 
Calcutta, for the revision of some of the proofs and 
many valuable suggestions. 



PREFACE TO THE REVISED EDITION. 

In this edition some additional matter has been 
introduced, and such misprints as were detected have 
been corrected. Some of the blocks of apparatus have 
been modified. 
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SOUND. 

CHAPTER I. 

Introductory. 

1. Soitnd. We hear a church bell ringing at a distance. 

It will be seen later that when the bell is struck it vibrates, 
and its vibratory motion is transmitted through* air in the 
form of waves to the ear, causing the perception of sound. 
Sound is thus a kind of sensation received through the ear, 
and produced by the vibratory motion % of material bodies, ' 
when this motion is transmitted to th^ear through some 
elastic medium. It is commonly used either to denote the 
sensation perceived, or the external disturbance which arouses 
that sensation when it reaches the ear. 

2. Acoustics or the** science of sound is that branch 

of Physics which deals with the nature, phenomena and 

, » 

laws of sounds. 

% 

a.’ Nerve and senses. The various nerves of our 
J * 

body have their centres at different parts of the brain, 
which are the seats of different kinds of sensation. When 
stimulus is applied to some part of our body, the nerves 
there transmit the message to the brain in the form of 
impulses and arouse some kind of sensation. Thus when a 
finger is hurt the message of the injury is conveyed by the 
sensor nerves and pain is perceived ; whet% a flower is held 
near the nose,*the olfactory nerves being excited arouse tb£ 
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sense of smell. In the same way impulses sent along the 
taste nerves awake the sense of taste. Wifeen the image of an 
object falls on the retina tljp 0///Va/ # nerves are stimulated to 
transmit impulses to the brain to prqjduce vision. In like 
manner, sound waves enter the ear and cause impulses to be 
transmitted along the auditory nerve to its "centre, where as 
stated by Tyndall, the physical becomes the psychical, 
mechanical vibrations giving birth to the Consciousness of 
sound. 

<* • 

4 - Ultimate cause Or origin of sound. When¬ 
ever we hear any sound, if we trace it up, we always find as its 
source a material body in a state of vibration. # The vibrations 
may be very rapid atfd the amplitude very small,* so that we 
may not percieve th« vibratory motion of the source with our 

naked eye. We m»y feel it however easily if we touch the 
source. 


Exp. A metal bowl 


SJLl 


Mi 11VI, 



beajl is suspended by its side, 
so that it just touches the 
edge of the bowl. lf„ow a 
fiddle bow is drawn against 
the edge of the bowl a sharp 
metallic sound is given out 
and the glass bead is set into 
motion. If the bowl be parti¬ 
ally filled with water, we find 
ripples formed on the water 
surface, showing that the bowl, 
while emitting sound, is in a 
state of vibration. 
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Exp. Fig *. shows a horizontal metal plate mounted 
on a stand with sarifl 
spread on its upper 
surface. When the 

plate is bowed against 
its edge, it gives * out 
a sharp note and the 
sand particles are 

thrown intef vibration. 

Exp- Let a small 

plane mirror be 

■attached to the string 
■of a violin,* and let 
lig*ht from some 
source falling on the 
mirror get reflected 
from it and fall on Fig. 

the wall. When the ^string is bowed, it gives out sounc 
and the spot of light on the wall vibrates. 

5. Sound is not propagated through vacuo. 

• _ • 

Exp. An electric bell is placed inside a gla$s jar, the air 

inside which can be exhausted by 

* * 

an air-pump. When the inside of 
the jar is in communication with 
the outside air, the sound given 
out by the bell is distinctly heard 
even from a distance. The air 
inside the jar is now gradually 
pumped out an£ it is found that 
though the bell works all right th£ 
intensity of the sound falls off 




Fig. 3. 
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gradually, and when the air is completely exhausted no¬ 
sound perceived. Air is now gradually introduced inside 
the jar by turning a stopcock, and/.lie sound begins gradually 
to rise in intensity, and when the preasure inside and outside 
the jar is the same the original intensity of sound is restored. 

6 - Principal requisites for the production, 
propagation and perception of sount}. We thus see 
that to- perceive sound there must be 

(i) a vibrating source, 

(ii) a transmitting medium, 

(iii) a healthy organ of hearing. 

Conditions to satisfied by the source. 

(a) The frequency of vibration (Art. 9) of the source must fall 
within a limited range, for it is found that when the frequency is 
below a certain value the human ear fails to perceive anything. 
Above this limit the sound becomes perceptible, and it 
becomes more and more acute with increasing frequency. 
But when the frequency exceeds a certain limiting value the 
sound again becomes inaudible though the source continues 
vibrating. Human ears, therefore, are sensitive only to this 
range of vibration. Above and bellow this range we are 
practically deaf. It varies within wide limits for different 
individuals who have different capacities for the preception of 
sounds. The lower limit is not far from 30 vibrations per 
second and the upper one about 40,000. Birds and animals 
whose ears are sensitive beyond this range, can hear soupd 
when it ceases to be audible to us. (^) Again in order that 
sound may be perceived the disturbance must be carried from 
the source to the*ear, otherwise there will be 410 effect; The 
mode of vibration of the source, therefore, should be such as 
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not to produce merely a local disturbance of the medium, but 
cause its continuous propagation in all directions. 

The medium. The «medium* must be continuous and 
i elastic . It may be a solid? a liquid or a gas. 

By substituting ^other gases for air in the bell-jar experi¬ 
ment it is found that sound is transmitted through these 
gases. # 

The ticks oi a watch held against one side of a table are 
distinctly heard by applying ear to the other sfile of it. 

Stethoscope gives a familiar example of transmission of 
sound through a solid. 

The sount! of an approaching train can be heard by 
appfying ear to the rails long before the sound is heard 
in air. 

A diver inside water distinctly hears sounds produced 
either in water or in air. Fishes are provided with auditory 
organs and can hear sound. ^ 

7. Sound takes time to travel. The report of a 
gun fired at a distance is heard after the flash is seen. The 
velocity of light being about 186,000 miles per*second, the 
time which elapses from the instant when the flash is* seen to 
the instant when the report is heard, is practically the time 
taken by sound . to travel from the source to the observer. 

8. Modes of propagation of a disturbance. There 
are in general three different modes of propagation of a 
disturbance through a medium. 

* 

(a) A disturbance may be carried moving bodies 

like the bullets shot off from a gun. The vibrating source 



6 


SOUND 


may be assumed to shoot out particles in all directions, which 
on entering the cavity of the ear and striking the tympanum 
may ultimately excite the sensation pf sound. 

(b) The transmission of a disturbance may be effected 
by the displacement of the medium as a whole. Let there 
be a ball in contact with one end of a rod. Apply a stroke 
at the other end towards the ball. The rod moves as a 

r 

whole and sets the ball into motion. 

{c) A disturbance may be transferred from particle 
to particle of a medium, each particle moving in its turn 
a little and coming to rest after the disturbance has 
passed it. 

Examples, v. Imagine a row of bricks set upright 
and arranged regularly, the distance between them being 
less than their length. On striking the first brick towards 
the second it falls and strikes the second brick, which in its 
turn falls while the first one comes to rest. The second 
brick makes the third brick fall while itself comes to rest 
and so on. Thus the disturbance set up at the first brick 
moves on from brick to brick. 

* 

2. WatA 7vaves. Imagine a water surface at rest. 
Agitate the water somewhere by alternately dipping and 
raising a small rod. Ripples will be formed which will 
propagate onwards uniformly in all directions in the form of 
circles of alternate crests and troughs of gradually increasing 
radii. Float a piece of paper on water at a distance from the 
source of disturbance. The paper originally at rest rises 
and falls as the waves advance through it, and again comes 
to rest when the ( Waves have passed away, [.ike the paper 
the water particles through which the waves move are not 
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bodily carried by the waves, but they rise and fall aoout 
their positions of resi with the passing crests and troughs. 
The actual motion of a particle, however is round and round 
in a closed icop in a vertical plane, and this up and down 
motion is transfenrd from particle to particle, causing 
propagation of th® waves onwards. 

3. Rope waves. Imagine a thick rope suspended from the 
ceiling of the ldtture theatre. Move the free end of the rope 
a little to aqd fro at right angles to its length. A disturbance 
in the form of a wave advances along the rope*upwards. The 
particles of the rope are not bodily carried up by the waves 
but simply move a little to and fro about their positions of rest 
when the wave* pass through them. % 

• g. Mechanism of sound propagation. We now 
proceed to investigate by which of these three methods is 
sound transmitted trom the source to the bar. The fact that 
sound is not transmitted through vacuo makes the first hypo¬ 
thesis untenable. That sound is not propagated by the second 
method is also evident’from the following facts. 




Fig- 4- 

Exp A long wide tube open at one end and ending in 
a funnel with a nozzle at the other is placed on the lecture 
table. A steady candle flame is held just in front of the 
nozzle. The space inside the other end of the tube is filled 
with thick furies. On producing a repost by clapping two 
blocks of wood near the open end the flairfe is found to b§ 
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struck after a short time, though no fumes come out through 
the nozzle. This fact clearly leads us to infer that when sound 
moves from one point to another in c a medium, the medium 
as a whole remains at rest. Evidently then transmission of 
sound must be due to the third method. Each particle of 
the medium moves a little to and fro about itG position of rest, 
and this motion is transferred from particle to particle onwards 
with the velocity of sound. To follow clearly* how sound is 
propagated let us take an open tube provided \^ith an air¬ 
tight piston at one end. The air inside the tube may be 
divided in imagination into a number of very thin layers. 



e 5. 

Let the piston be pushed a little inside very quickly. The 
layer of air just in front of the piston gets compressed The 
compressed layer of air tries to expand apd in doing so reacts 
on the second layer, which in its turn gets compressed while 
the first layer regains its initial pressure. The second layer 
similarly reacts on the thirtt layer whidf gets compressed 
while the secohd layer regains its initial pressure and so on. 
The disturbance which is a state of compression in this case, 
thus moves on from layer to layer with a definite velocity’ 
If now the piston be pulled out a little very quickly, air from 
t e first layer will rush into the space moved through by the 
p.ston and will get rarefied. This layer tries to regain its 
mit.al pressure, and air from the second layer rushes into 
e first layer. The first layer thus regains its initial pressure 
whde the second^ layer gets rarefied. Air f, e m the third 
layer now enters the second layer and so on. Thus the distur- 
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bance which is a state of rarefaction in this case moves on 
from layer to layer ju*t like the state of compression previ¬ 
ously considered. If the jyston be. moved in and out alter¬ 
nately in quick succession, a train of waves will be produced 
consisting of alternate compressions and rarefactions, which 
will move onwards %vith the velocity of sound. 


The same thing will happen if a vibrating plate,for example, 
be held in place *of the piston near one end of the tube. 4 



Fig. 6. 


The movement of the plate from its extreme backward 
position A' to its extreme forward position may be divided 
in imagination into a number of successive parts, during each 
of which the layer of air in front of it will get compressed. 
Similarly during such successive parts of its backward move¬ 
ment from A" to A' the layer of air in front of the retreating 
plate will get rarefied. * The velocity of the plate is maximum 
when it passes its position of rest Af whole of its energy being 
kinetic in this position. Again the velocity of ?he plate is 
temporarily zero at A " and A \whole of its energy being poten¬ 
tial in these positions. In intermediate positions the velocity 
is intermediate between the maximum and zero, the energy 
being partly potential and partly kinetic, f The amount of 
compression or rarefaction being proportional to the velocity 

* One complete to and fro motion of the plate constitutes one 
complete vibration and the number of vibrations per second is called 
the frequency of Rs vibration (Art 35) 

t Art 93 General Physics 
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of the vibrating plate, there will be maximum compression* 
when th^plate passes A during its forward movement from 
A’ to A", Similarly there; will n^ximum rarefaction when, 
the plate passes A during its backward movement. At A' and 
A " there is no compression or rarefaction and in other 
positions the effects are intermediate between the maximum- 
and zero. The particles move along the line of advance of 
the waves during compression, and in the opposite direction 
during rarefaction. Thus when a train of sound .waves con¬ 
sisting of alternate compressions and rarefactions, moves- 
through a medium, the particles through which it advances 
simply move to and fro about their positions of rest just like 
the source. When this train reaches the ear, *thp tympanum 
is thrown into similar state of vibration which finally exc’tes- 
the auditory nerve^and produces sound. 

Graphical representation. In the figure i, 2, 3, 4 etc. 

~ > _ represent the successive positions of 

1 2 3 * 5 the P ,ate during its vibration. 1 and 9. 

-—-—-—g- correspond tp A\ 3 and 7 to A and 5 

p t0 A* in Fig. 6. The energy of motion 

^ of *the vibrating • plate is communi¬ 

cated to the*adjacent particles which thus take up the motion 
of the plate, and in their turn transfer their energy to the 
particles in front of them and so on. The disturbance set up. 
by the plate in moving from 1 to 2 (fig. 7', moves on, lieing 
closely followed by the disturbances set up by the plate 
during the successive stages of its movement from a to 3, 

3 to 4 etc. In Fig. 8 (i) undisturbed particles of the medium 
are represented by a row of equidistant points. In (ii) the 
numbers represent the advance of the successive stages of 
the disturbance corresponding to the different positions of 
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the plate in Fig. 7. In (iiij the actual displacements of the 
particles at the same instant are shown. The displacement 
of the plate at 1 is maximum and towards the left, and its 

s f • 

velocity is zero. In (iv)^ the displacements of the particles 
at the same instant are represented in the form of a curve,, 
with the convention that displacements to the left are 
represented by upward ordinates and to the right by 
downward ordinates. In (v) the velocities of the particles at the 
same instant are represented by the size of the arrowheads, 

* 3 

and in the corresponding velocity curve (vi) velocities to the 
right are represented by upward ordinates and velocities to 



undisturbed 

j particles, 

ii advance of the 

disturbance. 
ui displacements. 

iv displacement curve. 


velocities. 


vi velocity c^rve. 


vii degree of compres¬ 
sion or rarefaction 


the left by downward ordinates Tbe displacement at 3 is- 
zero and the velocity is maximum and towards the right. The 
velocity and displacement corresponding to dther positions are^ 
represented by the curves iv and vi. In (vii) the size of C or R 
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is proportional to the degree of compression or rarefaction, 
and the absence of € or R at cartain points shows that the 
pressure there is normal and ^therefore the change in 
■density nil. 

io. Classification of sounds— Sounds are generally 
•of two classes, musial sounds and noise f. Those which 
produce pleasant sensation are called musical sounds. We 
like smoothness and regularity in sound, and ftiusical sounds 
are, therefore, charaterised by their smooth apd regular 
flow. The ultimate cause of sound being the vibratory 
motion of its source, musical sounds must be emitted by 
bodies in regular or periodic vibrations. The principal feature 
of a musical sound isjhus its periodicity. Sounds other than 
musical sounds are called non-musical sounds or noises The 
chief feature of a noise as distinguished from a musical sound 
is its want of re^blarity or smoothness. These are extreme 
cases however. In practice we find that musical sounds are 
seldom free from some irregularities, the vibrations of the 
source not being maintained with perfect periodicity. On 
the other hand even in noises some* phases of the vibratory 
motion are repeated at regular intervals, t^us producing some 
regular wave potion in the irregular disturbance. The two 
classes of sound, therefore, shade into one another and 

it is not possible to draw a sharp line of demarcation between 
them. 

n Principal features of musical sounds.* The 
distinguishing features of musical sounds are their pitch % 
intensity and ekaracter. 

Pitch is that feature of musical sounds by means of 
which an acute note is distinguished from a grave one. 
« depends on the rapidity of vibration of the air in contact 



INTRODUCTORY 


n 

with the tympanum and therefore on the rapidity of vibration 
of the source. The physical cause of pitch, therefore, is the 
frequency of vibration of -She source, higher frequency pro¬ 
ducing higher pitch -In Physics pitch represents the fre¬ 
quency, but in music it assigns to the sound its position in 
a fixed series of sounds forhiing the musical scale. 

Intensity of any sound, either musical sound or noise, 
may represent either a quantity of energy or a degree of 
sensation. 3 > 

Intensity regarded as a quantity of energy . When there 
is flow of any kind of energy the intensity at J a point is 
given by the quantity of energy flowing per unit time per 
unit area abdut that point at right angles to the direction 
of flow. In the case of light, for example, the intensity is 
represented by the quantity of light energy falling normally 
per unit area in unit time. Similarly the intensity of sound at 
a point, .is .given by the amount of wave energy striking 
per unit time per unit urea about that point_at right angles to 
the direction of flow. It will be seen later that this energy 
is proportional to 

* ^ 

(a) the square of the amplitude of vibration, 

, ( 6 ) the density of the medium. 

For the same source, same amplitude and the same 
medium the intensity of sound, like the intensity of light, falls 
off inversely as the square of the distance (Art. 22). It will also 
be seen later that the intensity is modified by the temperature- 
and .motion of the medium and the presence of other sonorous 
bodies in the neighbourhood. 

Intensity regarded as a degree of sensation When intensity? 
is used to represent the degree of sensation perceived, it. 
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becomes a physiological effect and falls outside the province 
of Physits. The word loudness is generally used in this sense, 
which though depending *on the* sensitiveness of the ear is 
found to increase and decrease with ^.he intensity. Intensity 
is a physical quantity and can be stated numerically, whereas 
loudness, since it depends partly on the intensity and 
partly on the ear, is not susceptible of precise numerical 
statement. 

• * 

Character, quality, timber or musical colour. 

Character is that feature of musical sounds by means of 
which sounds of the same pitch and intensity emitted by 
different sources, a* violin, a harmonium and a flute, for 
example, are distinguished from one another. We Have 
seen that the physical cause of pitch is the frequency and 
that of intensity the amplitude of vibration of the source. 
The frequency and the amplitude being the same the only 
other aspect in which the sounding bodies can differ is the 
mode of their vibration at each instant, which is, therefore, 
the physical cause of character. 



Wave set up by a 
tuning fork. 


Wave set up by a 
violin. 


Wave set up by 
an open pipe. 


Fig. 9. 
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These waves are of the same amplitude and frequency 
but have different *forms giving rise to the differ&nces 
in the character of the sounds. Ttys subject will be consider¬ 
ed fully in a subsequent chapter. 



CHAPTER II 


Elasticity. 

12. Elasticity. When a system of forces acting on 
a body'does not produce any motion of the,, body as a 
whole, but simply causes a change in its shape or volume 
by producing relative displacements of its parts, the system 
of forces thus in equilibrium constitutes a stress, and the 
body is said to be i$ a state of strain When a. stress acting 
on a body produces strain in it, a restoring force is in 
general brought into play by the relative displacements of 
its parts, tending' to bring back the body to its unstrained 
condition. This property of a body in virtue of which the 
restoring force is brought into play is called its elasticity . 
Elasticity of a body, therefore, resists strain in it, and; 
when strained it tends to restore the body to its initial 
state. A body is said to be perfeetly f elastic whgp (a) a 
given stress c produces in it a definite strain, (£) the sires* 
has got to be kept applied unchanged to maintain the 

C ' * 

. strain, and {c) the body recovers its initial state precisely 
when the stress ceases to act. 

13. Limits of Elasticity —Many substances are found 1 
to satisfy the conditions of perfect elasticity within certain 
limits and these limits are called the limits of elasticity of 

. those substances. 

* V 

J ,i 4 - Hook's. Law— When an elastic body is distorted 

» in shape or volume the stress required' to distort it 
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which is equal and cpposite to the restoring force brought 
into play, is proportional tp the apiount of distortion. This 
proportionality of the # stress to the strain is known as 
Hooke’s law . 


Stress o! strain , 

*=Ex strain, where E is a constant. 


Stress 
St win 


constant =2? 


E is called the coefficient or modulus of elasticity of the 
substance. # 

15. Volunje elasticity. Let a uniform hydrostatic 
pressure /, acting on a body of volume if per unit area of its 
surface, diminish the volume by v. 

Then stress *= pressure per unit areas /.» 


Volume strain=change in volume per unit volumes 

stress p 

s - - 


E— Coefficient of volume elasticity =s 


strain vj V 


pV 

units pi force per uqjit surface. 


v 

V 


This applies to solids, liquids and gases. Liquids and 
gases, however, have no definite shape and, therefore, they 
possess only volume elasticity . Only solids possess elasticity 
of shape 

16. Young's modulus or modulus of longitudi¬ 
nal elasticity. Let a metal wire of length L and cross 
section s, being stretched by a force & along its length, 
increase in length by /. 

9 

9 p 

The stress =5force per unit area of cross Section 0 - 
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Strain « elongation per unit length=*2 
a fie* Young's modulus of the € material of the subs¬ 
tance « - S - r - v S units of force per unit surface, 

strain s L si c 

In the case of a gas the value of the volume elasticity 
varies with the temperature conditions unfier which the 
changes &ke place. r 

(a) If the changes take place slowly under isothermal 
conditions,,the heat generated during compression is given 
out, and heat is taken in during expansion, keeping the 
temperature constant. The relation between the pressure 
and volume of a gas at constant temperature is given by 
Boyle’s law 

PV**P V V L ssP 2 ^constant. 

Let a very small increase in pressure from P to P+fi 
diminish the volume from V to /rA v, where p and v are 
infinitely small quantities, so that their product is negligible. 

Then (P+p) (V-v)=*PV. 

* c 

a , PV— Pv+pV —pv—PV, 

But pv being the product of two infinitely small 
quantities is negligible. 


Pv~fV Ot 

zff V strain 


where Ei is called Ike coefficient 0/isothermal elasticity of 
thecas. 


(p) Again if the changes take place very quickly 
tinder adiabatic conditions, no heat is allowSd to enter or 
leave the gas during expansion and compression. The 
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relation between the pressure and volume of a gas under 
such conditions is given by ' 

PV y =P l V y K} 7 «= constant, 

where l? eRt ^ ie ^ as a * constant pressure. 

“Sp. heat of the gas at constant volume. 

Let the pr^sure be raised from P to P+p and the 
volume changed from V to V—v. * 

Then P V y ={P+p) (P-v) y =(P+p) Vy( 1- v ^ y 

By applying Binomial theorem and neglecting higher 
powers of we get, 

‘pv y -(p+t) r 7 ( 1-7^ 

= PP y — iPvV* +pV r , (neglecting pv) 

Dr pyt-fPoV 1 
*. pV=yPv 

a stress 

7 Ptm sss~L.es a —coefficient of adiabatic elasticity 

/ Mtf substance. 

The result may also be obtained in another way 
PVt* C « constant. 

log /’♦log F*log C 

0 rfP — 

7 r+ y“° 
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?- -JW~ Ei 

Since increase in pre&ure diminishes the volume, the 
changes are in opposite directions, anti so if one is positive 
the other must be negative. dP and dP correspond to p 
and v considered previously 


Again PV y =C 
a lo£ P + y log log C 
dP . 'dV . 


dP , JV 
~p+ r r o 

* dP 

" iP= ~ 7 v\v" sE ‘ 


These are extrerhe cases however. If there be partial 


transference of heat then elasticity will be intermediate 
between 7 P and P t 

17- Periodic and vibratory motions The motion' 
of a body is termed periodic when the series of movements 


through which it passes are repeated $t regular intervals, and 
it is termed vibratory when in addition to being periodic it 
Undergoes changes in direction continually. The motions of 
th[$ hands of a watch and that of the earth‘relative to the sun 


.periodic/ The motion of a simple pendulum and that of 
a vibrating plate are vibratory. 

/ 18 Fundamental law of vibratory motion of 

elastic bodies. When a steel plate fixed at one end is bent 
aside from its normal position A to A\ each displaced 
particle is acted on by a restoring force which 
urges the particle to its position of rest, and is iif 
proportional to its displacement. The plate thus W 

springs back. but> due to inertia of motion f 

.acquired, instead of coming to rest at A, goes Fig, )0 . 
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backward to A\ But there again it is similarly urged 
towards A and retraces its path, and thus goes on moving to 
and fro about its position of rest. The proportionality of 
the elastic or the re^oring force to the displacement 
thus forms the fundamental law of vibratory motion of elastic 
bodies. 

19 - Simple harmonic motion. In studying vibra¬ 
tory motior^ which is the cause of sound, we ^have to 
start with the simplest possible case of (a particle 
moving to and fro about its position of rest along a 
straight line, being acted on by a force, which* constantly 
urges it tomJrds the middle point pf the path and is 
proportional to the displacement of the particle from 
that point. Such motion of a particle is called a Simple 
harmonic motion)—S. H. M. 3 

r 

20 . Transformation of mechanical energy into 
wave energy and its ultimate dissipation as heat. 
The mechanical work done to bend the plate (fig io.) is 
not lost but is stored up in the plate in the potential form, 
or the plate gains this amount of -energy during* the course 
of its displacement. Elastic or restoring forces are now 
brought into play which set the plate into motion towards A. 
The velocity of the plate is momentarily zero at A " and whole 
of it's energy is potential there, and as it moves back its 
velocity gradually increases and more and more of the poten¬ 
tial energy becomes kinetic. The velocity is maximum at 
A and whole of the energy is kinetic there. The plate now 
passes A and moves to A' due the momentum acquired 
during its motion, and has to overcome 9 the elastic resis¬ 
tance which opposes displacement. Th% velocity tbus J 
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decreases gradually and more and more of the kinetic 
energy becomes potential, and when the velocity is again 
zero at A'\ whole of tlfe energy again becomes potential. 
Thus if there be no loss of energy *due to any cause, the 
energy of vibration , that is, the sum of ^the potential and 
kinetic energies of the plate will remain constant. 

The vibrating plate does work in setting the layer 
of the ’Surrounding medium into motion. ^The energy 
thus stored up in the layer is transferred from layer to layer 
onwards, and if there be no loss of energy in transmission* 
each laydt will pass on its energy to the next layer 
undiminished. But the energy is dissipated as heat both 
in the plate and in tlie medium. During the transformation 
of energy from potential to kinetic and kinetic to poten¬ 
tial the molecular friction of the plate produces heat which 
is dissipated away. The total energy of vibration thus 
diminishes gradually and the amplitude becomes smaller and 
smaller. It is also to be noted that thfc energy communicated 
by the source to the surrounding medium during each vibra~ 
tion is greater in denser media and the vibration of the plate 
will die out sooner in such cases. Again in the medium itself 
the friction between its molecules, however small, causes 
further ^dissipation of energy as heat. The whole of the 
energy is thus converted ultimately into heat. 

21. Intensity falls off as 

In a homogeneous isotropic medium sound wave 
starting from a point source spreads out uniformly in the 
form of a sphere of gradually increasing radius with the 
source as its centre. Neglecting the loss of. 'energy due to 
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friction, and assuming that there is no accumulation of 
energy anywhere in* the medium during transmission, the 
energy given out by the # source t per second is equal to the 
energy which crosses ttys surface of any concentric sphere 
per second. 

Let jEsssenergy* given out by the source per second. 

Then since, the flow is normal everywhere across the 
surface of the sphere , 

a jg 

Ij »intensity at any point of a sphere of radius r L « 

3 JS 

I a «intensity at any point of a sphere of radius r a ==- 

• j 4 7rr s 



The intensity varies as the square of the amplitude, 
and we also And that it falls off inversely as the square 
of the distance. Therefore the amplitude falls off inversely 
as the distance from the source. 


I-c a % 



i 

a° c-- 
r 



CHAPTER UK 


Circular motion and simple harmonic motion. 

22. Velocity and acceleration in uniform circular 
motion. Let a particle starting from P move round 

the circumference of* a circle of 
\ radius r and centre 0 , with uniform 

0 l F Let /s=time taken by the particle to 

J move from P to Q. 

_v 6»«the angle POQ* «. 

Fig. is. w = angular velocity of the partide. 

Then 0 = w/. 

PQssvtss 0r ~ w/r. 


Fig. 12. 


w 

A particle moving in a circle with a uniform speed 
i$ Subjected to a constant force towards the centre, 
producing stn acceleration v'jr. , 

The velocity of the particle at any point of its 
path is flong the tangent at that ,* 

point, and therefore, the particle would 
move along the tangent. Hence f 
in order to constrain the particle / 

to tnove in the circle it must be [ q ^— "]P 

acted on by a force, wich would V J 

i^hsWntly bend its path towards the \. J 

centre, so that the particle is kept 
tiovtng in the circle. 


Fig is 
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Let the particle P move to Q in time t. 

The velocity at P is along PF and let it be represented 
by the length PP\ The velocity a£ Q is along QQ' and let 
it be represented by the l§ngth QQ\ 

The velocity of the particle in moving from P to 
Q has remained eonstant in magnitude but has changed 
in direction from PP• to QQ'. Draw PP parallel to 
QQ f and droff PR perpendicular to PR. Then to 
change PF Jnto PR we must add to it the vector 
P*R. In the limit when P and Q are infinitely near, 
P f R becomes parallel to PO or at right angles to PF 
or PR, and the chord PQ becomes equal to the are PQ. 
Change in # vefocity per second=acceleration. 

acceleration * 


Thus the force acting on /’asmass x acceleration. 

mPR , 

«-, where w=niass. 


Again from similar triangles POQ and PP*R we have 

FR^PQ 

PP'^QP 

* P’R— PP' PQ 

.. JTK Qjt> 

But PF~v, PQ=*vt % OP**r ’ 

PR’- V%t - 

' 7) % 

the accceleration towards the centre «—. 

r 


and the force towards the centre < * 


mv* 

r 


* Art. 79 General Physics* 
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23* Projection of a uniform circular motion gives 
a simpje harmonic motion—S. H % M. 

Take two diameters XQX and# YO Y f at right angles to 


Y 



Fig. 13. 


each otHfer and drop perpendi¬ 
culars PM and PN on them. 
We have seen that P revolving 
round a circle \yith a uniform 
speed v, is acted on by a cons- 


v* * 

tant acceleration — towards the 
r 

centre. The component of this 
acceleration parallel to XOX r 

=- cos POMPOM ?OM ,. 
r r OP r * 


Again the motion of P parallel to XOX’ is identical with 
that of M. Since the velocity of M decreases as x increases, 
the acceleration is negative. 

* 

.*. acceleration acting on M along MO « - — a OM 

■ ® 

where m is a constant and equal to —- 
• r* 

Thus the force acting on J/=massx acceleration 

= - —O-W along MO 
=p l OM 

where is a new constant and equal to — 

r % 

In other wcfrds M moves along XOX % being acted on 
kf * fo fC ® which urges it constantly towards O , the 



SIMPLE HARMONIC MOTION 


middle point of the path, and which is proportional to the 
displacement of M form 0.„ (Therefore M executes ft simple 
harmonic motion. 

/ Similarly the component of motion P parallel to 
YOY f is identical yith that of N, which is therefore acted 

• . v % v*ON 

on by an acceleration«-cos PON —-—- 

• r r OP 

— —^gON along NO 

force acting on N— -in^-ON—v-yON * * 

Thus N also’executes a S. H. M . 

Similarly it may be shown that the projection of P on 
any diameter is a S H. and the effect of the projection 
on a diameter is the same as that on any straight line parallel 
to it. The circle in which P moves is called the auxiliary 
circle or the circle of refemnce. 

24. Vibration of a S. H. M. are isochronous. 
We thus see that if a force acting on a particle produces 
in it an acceleration nx, where f is a constanj: and x the 
displaoement of the particle from a fixed point, then the 
particle executes a S. H. M. % 

m Acceleration**#* x. 

But acceleratiqn acting on the particle towards the fixed 
point 
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7r and p are constants. Therefore T is constant and 
is independent of the amplitude, or the vibrations are isochro¬ 
nous, that is, are executed 1 in equaf times. 

Musical instruments give out soufids of varying intensities 
depending on the force used in producing ^them, but though 
this force influences the intensity, it does not change the pitch, 
■otherwise music would be practically impossible. 

25. • Equation of simple harmonic motion. 

V Let a'ss^^/ssdisplacemment 

of M from the mean position O . 
Then the equation 

X xs=r cos 0 .*..«) defines the 

position of the particle M executing 
S. H. M. along XOX\ 

Y' Similarly y — r sin $• (ii) 

Eig. 14. defines the position of particle 

N executing S. H. M . along YO Y \. 

Equation (i) may also be represented as 
xear cos wt 

' ■*, * 

=r cos ,-pt 

=rcos 27 r«/...(iii) 
and _y=r sin 2Trnt...[\v) 
where w=tne angular velocity, 

T= time-period, 

«=f requency=1 f T 

1 Simple harmonic motion may, therfore, be defined as a 
motion in which the displacement from the mean point is 
i j^dportional to the sine or cosine of an angle which varies 
"$!$ the time. 
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If $ be measured fjom some fixed diameter OE, making 
pin angle e with OX, then the equations are changed as 

x^r cos ($—e). 
y=sr sin ( $—e). 

Time-period or t period is the time taken to execute one 
complete to and fro motion or the time taken by P to com¬ 
plete one rotation in the auxiliary circle. 

Frequency is the number of complete to and fro motions 

executed per second =-^ where «»the frequency, 7 =the 

time-period. ' 

Amplitude isjhe maximum displacement of the particle 
from its mean*positiori^or the radius of the auxiliary circle. 

Phase is the time or the fraction of the period which has 
elapsed since the last passage of the particle * through its mean 
position in the positive direction or its angle equivalent & 
swept by P since its last passage through OX. 

Epoch, e which denotls the phase at the commencement 

eT 

of time or its time equivalent —, which defines the starting 

, 1 * 

point of the particle, is called the epoch. ^ 

26, • Energy of a vibrating particle. Let a garticle 
of mass m execute a S. If. M. represented by yssa sinwf. 
The velocity of the particle, is given by wa cos mf. The 
kinetic energy of ,the particle, therefore, is JtfiwVcosV/, the 
maximum value of which is \mu *<**. .We have seen that the 
energy is usually partly kinetic and partly potential the 
sum of the two being constant and when the kinetic energy 
is maximum the potential energy is zero. Therefore the total 
pergy is given bV 
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27. The displacement curve ofS. H. M. 

• 2 



Fig. 15. 

The successive stages of a simple harmonic motion 
are represented with the help of a displacement curve 
in which the abscissae represent time and the drdinates the 
corresponding displacements. Let P revolve uniformly round 
a circle with O as* its centre. Draw rectangular axes XOX’• 
and YO Y through O. Then iF, the projection of P on YO Y 
gives a simple harmonic motion. Divide the quadrants into 
the same number of equal parts, and draw straight lines 
through the points of division parallel to XOX , as shown 
in the figure. In the figure the circumference is divided 
into 8 equal parts. The time taken by P to move 
through each part is 2)8, where T is the time-period. 
Take tf length AB on the X-axis to represent time. 
Divide AB into eight equal parts. Then when P is at p on 
the circle, N is at the centre. Starting from this instant 
the displacement of N at intervals of Tj% are given 
by the ordinates at 1, 2, 3, 4 etc. between AB. The 
■displacement curve, thus obtained, is identical with the 
welbknown sine-curve , in which the abscissae represent 
time and the ordinates the sine of an angle which itself 
Vtties ^ith time. 
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28. Features of the curve. • 

1. Abscissae represent rtme. * 

a. Ordinates represent displacements—upward ordinates 
displacements to t^e right and downward ordinates displace¬ 
ments to the left 


3. Velocity Is maximum where the slope of the curve, 
its inclination t with the X-axis, is maximum, arjd it 's zero 
at the horizontal part where the inclination or the 
slope is zero. The slope of the curve, therefore, represents the 
velocity. 

4 The rats of change of velocity bein£ the acceleration, 
the acceleration is zero where the curve is straight and 
maximum where the curvature is* maximum. 

» 

29. The projections of a S. H. M, on any 
straight line is another S H. M. Let P execute a 
ample harmonic motion along XOX\ Take another 

itraight line AOB , making an 
ingle 0 with XOX' Drop PN 
>erpendicular on AOB. Then 
he component of motion of P 
>arallel to AB is identical with 
he mojion of N along AOB . 

'orce acting on P towards O 

oc OP 

= M OP 

where i* is a constant. 



.*. component of this force 
But cos 0 ~ 


parallel to ABta^OP cos $ 



32 


SOUND 


f the force acting on N towards ON. 

i e. the force acting 09 N is proportional to the displace¬ 
ment of N from O. « 

Thus N executes a S H M. 

30. Two equal and opposite Circular motions 
combine into aS H M, 

Let P and Q revolve round a circle in opposite direc¬ 
tions with tfee same angular velocity. Starting from any 
two points A and B , and moving opposite ways, they meet 
at a definite point A L and again at B xt and come back 
again to A and B. A i and B\ 
are two ends of a fitted diameter 
and P and Q pass each other at 
these points in each revolution. 

The circular motions of P and 
Q may be resolved along A } B x 
and at right angles to it The 
components at right angles to B 

A X B X are^ equal and opposite, Fig 17 

and those along A X B\ <are the same in magnitude and 
direction. The result of the combination, therefore, gives 
a S. H % M. with amplitude equal to twice the radius of the 
the circle. 

X~a cos *»t, Yes a sin wt is a circular motion re¬ 
presented by Y*~a*, so also, changing the sign of « we 
have X* cos wt, Y=z—a sin *t is a circular motion in the 
opposite direction. Adding the components, and also Y-— 
components, we get for the resultant motion. 

X*2a ces «t, Ym 0 

(bat is, two opposite circular motions combine into a simple 
banaonlc'motioo of double the amplitude. 




CHAPTER IV* 

Composition of simple harmonic motions. 

31. Two §. H. Ms, of the same period and 
executed along the same line, 

Geometrical method . Let P and Q revolve* in the same' 

Y direction round # concentric 

circles of radii equal to OP 
and QQ with the same 
angular velocity. Draw 
rectangular axes XOX , 
and YO Y f through 0. Then 
.Wand M | the projections 
of P and Q on XOX\ give 
two S. H. Ms of the same 
period with amplitudes 
equal to OP and OQ, and 
POQ. 

Complete the parallelogram OPRQ with OP and OQ 
as adjacent sides. Join OR . 

Then since PR is parallel to OQ 
and RS is parallel to PN 
• ON=MS 

OM +, 0W=s 0M+ tiS « OS. 

The displacements of M and N being %long the same 
straight line, the resultant displacement«0// , + 0W«0S. 
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Since P and Q move with the same angular velocity, the 
angle $OQ remains constant, and therefore OR, the 
diagonal of the parallelogram, also revolves round O with 
the same angular velocity. Thus the projection of R 
on XOX ' gives S, executing S. H. M. of i} the same period 
and having for its displacement OS, which is the resultant 
of the displacements of the component S, If. Ms. The 
result of'the composition, therefore, is a third S, H. M. of 
amplitude equal to OR 

Again OR *« OP' + OQ % +2 OPOQ cos POQ 

and phase « the angle XOR. 

(a) when the'phase difference is zero, * r 
angle POQ— o, and therefore cos POQ^i 

/. OR**OP+OQ 

(b) when the phase difference is i80° 

angle POQ— tt, and therefore cos POQ** — i 
OR**OP-OQ . 

If in addition OP—OQ, there is no motion. 

Analytical method . ° Let the two' S. H. Ms be re¬ 

presented by 

Vi-^sin (0-e x ) 

y s **a t sm (9-e t ) 

The result of their composition is given by 

y-y\ +y »~<*i Sin (e-tfj+a* sin ($-e 2 ) 

=ai (sin $ cos ^-cos $ sin e L ) 

+ <* a (sin B cos - cos B sin e % ) 

• # =sin B (<*! cos e L + a 2 cos <? ai \ 

-cos B(a x sin ^ + <1*5111/*) 
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Fut R sin .E=a^$in e x +a 2 sin e a , 

It cos E~a x cos e x + a 2 cos e it * 

• i 

Then y**R (sin 0 cos E- cos 0 sin E) 

*=*R sin ($~E) 

This is the equation of a third S. H\ M. of amplitude 
R and epoch E . 

R is given by the relation, 

R l sstR* (cos* 2?+sin*.Z?)«-tf* cos* ^ + i?**sin* E 

or cos e L +a a cos e t )*+(a x sin e x +a 2 sin e t ) % 

m^+fl^ + aa, a t cos 

and E i%giVen by the relation, • 

• _ a) sin £] +a 9 sin e% 

tan £=■ -s- * 

a x cos e, +a 2 cos e % 

The S. H. Ms may also be represented as 

y x =za x cos (0—£i)j 
y 2 =tf a cos (0 — ej, 

y-y i+; ; * 

s =a x cos — cos 

-a x (cos $ cos e x + sin $ sin e x ) +a 2 (c®s 0 cos e a + 
• sii^0 sin e % ) 

»cos 0 {a x cos e + a % cos e % )+sin 0 (flj sin e 1 + 

* a s sin eg) 

» 

Put R cos E~a\ cos e x +a% cos# a , 

•and R sin E~a x sin t , +«* sin e if 

Then R (cos $ cos i?+sin 0 sin E) 

w R cos (0 - E) • 

* t « 

R and E are obtained as in the previous case. 
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32. Composition of two rectangular S. H. Ms of 
the same period. # # 

Geometrical method. Let M and m N execute 5 . H. Ms . 


along two rectangular 
axes XOX’ and YO Y, 
O being the central 
positions, of both. 
Draw straight? lines 
through X, 0 , X \ Y 
and Y’ parallel to 
XOX' and POY\ and 
describe the auxiliary 
circles on diameters 
parallel to XOX ' and 
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YOr as shown in the figure. The projection of Q, des- 



Fig. 20. 


^cribing the lower cir¬ 
cle on XOX', gives M 
executing S. IT. M. 
along XOX', and the 
projection of P, des¬ 
cribing the right-hand 
circle on YOY\ gives 
N executing 6 \ ff. M. 
along YOY\ 


• Divide the # qtiadrants of the circles ipto the same 
htimber of equal parts and draw straight lines through 
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the points of division on the lower circle parallel to YOY 
and similarly through the points of division on*the right- 
band circle parallel to X&X\ 

Case 1. Phase difference In this case when M 
is at 0 and moves along the positive direction OX, N is 
also at O and moves along the positive direction OY. 
The corresponding positions of P and Q are .given by 
the numeral o on the circles. Place numerals i, 2, 3 etc. 
on the circles as shown in figure 20. When P and Q 
move to the positions given by 1 on the •circles, M 
moves to X y and N to Y, and the resultant motion is 
given by oa x * When P and Q will complete one revolution, 
th§ resultant motion of M and N will give the diagonal 
AB traced twice in opposite directions. 


Phase difference * 7r. In this case when M is at O and 

moves along the posi¬ 
tive direction OX, N 

is also at O but 

• 

moves is the negative 
direction *OY', it hav¬ 
ing already executed 
half of its motion. 
The numerals on ,one 
circle, therefore, are to 
be shifted through w, 
pjg 2l and those on the other 

circle left where they are. Proceeding as before we find 
that the resultant in this case is the di&gonal CD, traced, 
twice in opposite directions. 




and moves along the 
positive direction 0Y\ 
M has already execu¬ 
ted £th of its motion, 
and moves towards X. 
The numerals on one 
circle, therefore, are 
shifted through w /4 


and those on other 

fc 


circle left where they 


are. Proceeding t as 


before we get for the 
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In this case f when N is at 0 



Fig. 22. 


resultant an oblique, ellipse shown in the figure. 

V 

Phase difference In this case we get an ellipse 

IT&bt XOYJ and YO Y' as its axes. 

If in addition OPssOY, the ellipse reduces to a circle. 

r "' 

Analytical [ method. 

( c 

Let the two S. H. Ms. be represented by 

c 

ac«asin( 0 +<).(i) 

« 

y~b sin 0 .(iij 


where a and b are the amplitudes and <t is the phase 
diifference. 


* The equation of the resultant motion is obtained by 
eliminating $ between these two equations. 

^ v • 

Fro|n (ii) we*have ^=ssin $ 
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X 

From (i) -=*sin ( 0 ,+ <l)«sin 0 cos «t + cos 0 sin < 


ss rr COS 


~t> — x * + \/ I - - £ sin < 

'• c n< ) ‘= ( 1- £) sin*< 

y® > 2X1/ 

or (oos 9 <.+sin*<) — —^-cos<—sinVsso. 


Multiplying by a*b* we get 

+ a*y* — 2a3 cos °t —a*b % sin # at=50 (^iii ) 

This is the equation of an ellipse inclined*to the co¬ 
ordinate axes. 

fi) When <=o • 

"Equation (iii) reduces to ( bx—ay* % which represents 
a pair of coincident straight lines through O , and lying in the 
first and the third quadrants. The physical significance of a 
pair of coincident straight lines is that the line AB , in fig. 19, 
is traced twice in opposite directions in the time-'period. 

(2) When «t=7r 

Equation (iii) reduces to (bx + ay)* which agajn represents., 
a pair of coincident straight line! passing through O and 
lying in the second and the fourth quadrants. A represents 
CD in fig. 21. 

(s) When <= \ 

I 

equation (iii) reduces to 

b*x* + a § y*—aWmo t which represents* the regular ellipse 
with semi-axes a and b along the co-ordinate axes. If in 
addition b**a the equation reduces to a circle. 

(4) Wheri-<=*~ 

4 
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equation (iii) becomes 

-t lab xyj 2 + a % y % — a % b % jirs^ 0 
which represents the oblique ellipse in fig. 22 
Periods 1:2. • 

Graphiacl method :—Phase difference ^0. 


Let the period of the 
S.ff.Af. along XOX' be 
twice the period of the 
S.If.M, alon£ YOY. 

Divide the quadrants of 
the lower circle into n equal 
parts, and those of tl*e right 
hand circle into in equal 
parts, and proceed as before. 
The result of the composi¬ 
tion is the curve in fig. 23. 

Phase difference * 7r . Shift 

2 




v 2 2 



Fig. 23- 

the numerals on the lower 



Fig. 24. # 

Wining in the standard position. 


circle through 90° and leave 
those on the other unalter¬ 
ed. The result of the com¬ 
position in this case is a 
parabola which is traced 
twice in the time-period. 

For any other phase 
difference shift the numerals 
on the lower circle through 
the corresponding angle, 
those on the other circle re- 
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Analytical method . Let the S. H. Ms be represented 
by equations * 

x=*a sin (20 +*).(ty 

y**b sin 0.(#i) 


From(ii) £«slin 0. 

From (i) *fesin (20 + <), 

O 

•*=sin 20 cos <+ cos 20 sin < • 

• *= 2 sin 0 cos 0 cos < + (1 — 2 sin* 0) sin* 


*\ a l V 1 ~ ? cos * + ( 1 ~?) sin * 01 

or (S - ^ sin< + sinv) + 4 £ (^ + ?sin<-i) -o 
. AV % {V*,x . \ ^ fx . \* ..... 

•• + « ot,L ’ 1 ) + \a~ Sln 81 j 88:0 . 

1. JF/fo# <=o (iii) reduces to 

4 y*(y % \ x % * * **' 

j+^S-o which is the equation of # the curve 

in fig.'23. 

7T 

2* When *=~ (iii) reduces to 

which represents two coincident parabolas, represented 
by the curve in fig. 24. the equation of which is given by 

^ {x—a). 

2 a ' ' 
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The physical significance of a pair of coincident para¬ 
bolas is* that the same parabola is fraced twice in the 
time-period. • * 

33. Periods of other ratios. * For any values of the 
periods, either commensurate or incommensurate, the graphical 
method gives the result easily. For example if the periods 
be in the ratio of 1 : 3, divide the quadrants of one circle 
into n equal parts and those of the other into $n. Again 
if the ratio be h : 3, divide the quadrants of one circle into 
2 n equal parts and those of the other into .3# and' proceed 
as before/ The analytical method however soon becomes 
very complicated, the curves being complex, and of higher 
degrees than second. When the ratio, for example, is 1:3, 
we get the result by eliminating^ between the equations, 
sin 3# 
y « b sin $ 

which gives an equation of the third degree. 

34 - Lissajous’ figures :—The* vibrating prong of a. 
tuning fork executes S. H. M. and the combination of two 
& H. Ms. * previously considered can c be experimentally 
illustrated by means of two forks. 



Fig. 25. 

A beam of light from a powerful small source O after 
p«£siiife through 0 a lens L, gets reflected from a small 
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mirror attached to the end of the prong of a tuning 

fork to a second mirfor attached to the end *of the 

prong of another fork, arrti thenee to the screen. The 

forks are so clamped tllat one of them vibrates in the 

horizontal plane and the other in the vertical, and the 

mirrors are attached parallel to the flat of the prongs. 

By carefully adjusting L the beam of light is brought to a 

focus on the screen. (OLssu, ; 

v being conjugate focal distances and H\S=* distance 

of H t from the screen). If one of the forks remains 

steady and the other vibrates, the spot of light on the 

screen moves tc^ and fro along a straight line presenting 

the appearancd of a luminous line due to persistence of vision. 
% 

If both the forks virbate, the spot of light exhibits luminous 
curves of different forms corresponding to the combina¬ 
tion of two 5 . H Ms at right angles to each other of 
different amplitudes and phases. These curves may also be 
seen by substituting a» telescope or naked eye for the 
screen. The curves became first known by Lissajous* 
experiment and are called Lissajous figures . s 

35. Helmholtzt’s vibration * microscope. Another 
method of seeing these curves iS by means 
of the vibration microscope arrangement 
devised by Helmholtz. The object glass of a 
.compound microscope, of about 2 t03 inches 
focus, is attached to the end of the prong 
of a tuning fork clamped horizontally, and 
the eye-piece is clamped steadily above it, so 
that a scratch on the end of the prong of 

another fork clamped vertfcally, is seen in 
Fig 26. * 
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the field of view of the eye-piece. The forks are so clamped 
that wWle the lower fork vibrates in the horizontal plane 
the upper one vibrates in thfi vertical. By suitably 
adjusting the amplitudes and the flhases of the S. H. Ms. 
executed by the forks the corresponding curves resulting 
from their combination are seen, in the field of view of 
the eye-piece. 



CHAPTER* V. 

WAVE MOTION. 

36- Wave motion. When we have got a number of bodies 
linked together by elastic chains, we cannot displace any 
one of them ^without disturbing the others. ? The motion 
imparted to one is communicated through the chains to 
others, and they in their turn are set into motion. We may 
regard an elastic medium to consist of very fine particles 
with elastic cotfnections between them-* If we impart a 
periodic motion to any paticle, its energy of motion, will be 
communicated to the adjecent particles surrounding it, 
which will thus execute similar periodic motions and in 
doing so will in their turn transfer their energy to the 
neighbouring particles sorrouning them and so on; the 
motion imparted to a particle will move uniformly in 
all directions from particle to particle with a definite 
velocity. The propagation of a disturbance oP this kind 
due to transfer of energy from particle to particle is called 
a wave 'motion 

37. Longitudinal progressive waves. Progressive 
waves in which the particles of the medium through which 

t 

they advance, execute S. If. Afs. about their positions of rest 
along the line of advance of the waves, are called 
* longitudinal waves. 

Sound' waves are longitudinal , We have se&n that 
when a body vibrates, its energy of motidh^ is transferred 
to tbe adjacent air particles, which thus begin to vibrate 
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similarly, and in doing so communicate their energy to the 
particles in their front, which in tfieir turn take up the 
motion and so on. The displacement set up at the source 
thus moves on uniformly in all directions from particle to 
particle of the medium with a definite velocity. Each 
particle executes a S. ff. M. about its position of rest along 
the direction of propagation of the disturbance, giving rise 
to a train of waves consisting of alternate compressions and 
rarefactions. * 

€ 

38. Transverse progressive waves— Progressive waves 
in which the particles of the medium through which they 
advance execute S* H. Ms. about their positions of rest at 
right angles to the line of advance of the waves; are 
called transverse progressive whves. 

Water waves and rope waves are transverse —In the case 
of water waves we have seen that the particles of water 
through which the waves advance, practically move up and 
down, while the waves are propagated horizontally along 
the surfacfc. The particles of water execute 5 . H. Ms. at 
right angles to the line of advance of the disturbance, 
giving rise to a train of waves consisting of alternate crests 
and troughs. See art. 8. 

39. Waves travelling along a stretched flexible 
String. To follow clearly how transverse waves are set 
up and propagated, let us take a stretched flexible string 
fixed at P and free at the other end Q at rest. Let Q # 
execute *a & H. M. When Q moves towards X t if the string 
bad been rigid, f ft would have moved as a whole as shown 
the doited straight line XP. But the string is 
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elastic and hence when Q moves, its energy of motion is 
communicated to the next particle, which therefore moves 

» i 



Fig. 27. 

after Q. This particle similarly sets the third particle into 
motion after it and so on The motion imparted to Q is 
thus transferred from particle to particle and moves along 
the string with a definite velocity. ^By the time Q goes to 
X t the^disturbance has moved upto a lf and thd particle at 
a L is just on the point of moving towards the right and 
reacting in its turn on the next particle. The disturbance 
if left to itself Till continue moving up along the string. 
Q is momentarily at rest at X and all its energy is potential 
there. Then as it begins to move back it gains in kinetic 
energy ; the particles between a y Q are still moving 
towards the right. £ach particle will in its turn* come to 
rest momentarily at its position of maximum displacement 
•and . then begin to move backwards. When Q has come 
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back to its inital position, the disturbance has moved 
upto Qa % a x the particles between a L a % moving to the right 
and those between a^Q *to the Wt. Next as Q moves to 
j^and then back to its inital position the disturbance 
advances as shown by the curves Qa h a % a^ and Qa±a t 
a t a 1 in fig. 27, The disturbance advances through a 
distance \ during one complete vibration of Q, Again 
it will Jbe seen that Q and a L are both passing through their 
mean position^ rest to the right. They are therefore in the 
same phase ; and a t is passing through its mean pbsition to 
the left arfd therefore a, and Q are in opposite phase. The 
disturbance Q a 4 e a l a 2 a l set up in the time-psriod constitutes 
a complete wave and the length \ of the wave is called 
the wave-kmth. 

' 1 

As Q repeats its S. H. M. the wave Qa i a,a^a l 
advances up along the string being followed by similar 
waves. 

« 

Let V=* volocity of propagation of the waves ; 

X^—wave length ; 

7 , «*time period ; 

frequency of vibration ; 

The^b \= VT, V^n. 

40. Plane and spherical waves. Wave-front. Ray. 

Let us now imagine an infinite number of similar and 
and parallel elastic strings having their ends attached to 
to the same plane at right angles to their lengths. A 
periodic • motion imparted to the plane, for example, a 
to and fro motion«parallel to itself, will cause a transference 
of the motion from particle to particle in each string. At 
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a certain instant the disturbance will have travelled to the 
same distance along each string, and therefore, *the locus 
of those points which ar* on thi point af being disturbed ojr 
the wavefront will be of plane parallel to the plane to which 
the end of the strings are attached. 

Again let us imagine an infinite number of similar 
elastic strings • to start out from the same point and 
diverge uniformly in all directions. Any periodic motion 
imparted to this centre will be transferred from particle to 
particle in each string. At a certain instant the disturbance 
will have moved to the same distance along each string, 
and therefore, *the locus of these poinls which are on the 
point of being disturbed or the wave-front will be a sphere 
with the point of disturbance $s its centre. 

In both cases we may imagine elastic strings to fill up 
all the space surrounding the centre of disturbance, and we 
get the case of a continuous medium with a series of plane 
or spherical waves propagating through it. 

Ray. The line of advance of the waves which is always 
at right angles to the waves is called a ray. 

41 . Graphical representation of wave, mot ion 

Transverse progressive waves .—In the displacement 
curves of 5 . H. M. we considered the characteristics of the 
S. HM. of a single particle. We have now to consider 
the arrangements of all the particles of the medium 
executing 5 H. M.s at a given instant as the waves pass.. 
them. Let the undisturbed particles of the medium be 
represented by a row of equidistant joints along the 
X-axis, We have seen that the line passing through the 
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displaced particles at any instant is a sine-curve and s, 
therefore* similar to the displacement curve of S. H. M 
already considered. * f 


2 



which the waves advance execute S. II, Ms about 
their mean positions at right angles to the line of advance 
of the waves, the period and amplitude being the same but 
the phase changing continuously from particle to particle 
with distance along the direction of wave propagation. The 
arrangement of the particles at any instant is in the form of 
alternate Similar crests and troughs. The troughs are 
reversed copies of the crests, and hence the arrangement 
repeats itself at intervals of X, and the physical conditions 
of any particle,—its velocity, acceleration, amplitude, phase 
and state of density—at any instant are identical with 
those of other particles at intervals of X, at the same instant. 
The waves consisting of alternate crests and troughs move 1 
onwar di with a definite velocity, 

r . Combined velocity and displacement curves . 

As explained* on page io, the combined velocity and 
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■displacement curves of the partices of a medium disturbed 
by a progressive wave motion are given in fig. 29. • 



Longitudinal progressive waves and their essihtial features , 

All*the particles through which the waves advance 
■execute 5 . H . Ms, about their mean positions along the 
line of advance of the waves, the Qpriod and amplitude 
b^ing the same, but the phase changing continuously from 
particle *to particle with distance along the direction of 
wave propagation. The arrangement of the particles at 
any instant is in the form of alternate compressions and 
rarefactions, the velocites of the particles being along 
the direction of wave propagation during compression and 
in the opposite direction during rarefaction. The displace¬ 
ments of the particles at any yistant are represented by a 
■sine curve, on the convention that upward orpinates repre¬ 
sent* displacements to the right and downward ordinates 
displacements to the left. The compressions are all similar and 
so also the rarefactions, and thus this arrangement of particles 
repeats itself at intervals of X, and the physical conditions 
-of any particle,—its velocity, acceleration, amplitude, phase 
and state of density—at any instant are indentical with 
those at intervals of at the same instant, l^ie waves 
consisting of alternate compressions and # rarefactions move 
onwards with a definite velocity. • 
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V 42. General equation of wave qjotion. 

Each particle execute* a S. M, and its motion is 
transferred from particle to parade with a definite 
velocity. 

The general equation of a S. If. M, is given by 

. yesa sin ( 0 —e)...(i) where y** displacement of the 
or a cos (0 - e) particle ; 

8 asamplitude*; 

• 0 =phase ; 

and tf=seppch. 

e t the epoch of & partiqle depends on Sc, its distance 
from the origin measured along Jf-axis, the line of advance 
of the waves. The phase changes continuously ‘along X 
at such a rate that when V increases through \ the phase 
changes through 27 r. 


rp. , ex 2 ttx 

Therefore —ea v or «»--• 
2 * \ X • 


\ 


also 


0wmiutss 

c 


27r/ 27T Vt 





where T is the time period and V the velocity. 
Substituting these values for e and 0 in (1) 
we get 


f 


sin^F/-. x ^ ... (2) 


which is, therefore, the general equation of wave! motion* 
The general equation may also be represented as 
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; where y ■* displacement of a particle at some instant, 
amplitude, • 

velocity of transmission of the wave, 

#=distance of the point from the origin, 

/ntime which has elapsed since the particle last 
passed through* its* mean position in the positive direction. 

Velocity of fhe particle at this instant 


and jts acceleration 



43. Relation between the particle velocity and 
acceleration,*pressure, stress, strain and elasticity 
in .longitudinal wave motion. 

Let tfs consider the motion of a very thin layer of the 
medium at right angles to the line of advance of the 
waves. 


x 4 ® 

• Fig 30* 

Let XX’ be the line of advance of the waves and AB 
a very thin layer of the medium at right angles to* it and 
of unit cross section, 

f 

Let distance of A from the origin at any given 
instant. 

^ + ^=distance of B from the origin at the same instant, 
volume of the layer =*dx 
Again let y ** displacement of A after time dt, 
y + dym displacement of B after time dt . * 
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Then the distance between the faces .^and B now becomes 
(x + dx + dy) - (x +y) =dx+dy 

volume of the layer no vrt={dx + dy) 

Hence the change in volume undergone by volume dx ini 
time dt**(dx + dy)—dx=dy 


volume strain =ir 
dx 



Velocity and acceleration. 

« 


NM 



Kg. 3 i. 

Let XX ' be the line of advance of the waves. *Consider 
two very near particles at A and B on XX\ 

The displacement of the particle at A changes from the 
value AN to BJlf in the time during which the waves 
advance through the distance AB. 

Let velocity of propagation of the waves • 

/»time taken by the waves to move through AB ; 
»«arerage velocity of the particle during this 
time /. 

„ Then Vt-AB; 

t>/-( BM-AN)^RM 

^ vt ^ v RM dy 
Vt V m AB^Tx 

When AB is infinitely small the average velocity becomes 

4 equal to fne velocity of the particle at N. 

* 

Velocity of the particle at 
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Rhf 

But-j-rr — tan <==slope ; where <« inclination of the 

An • 

curve to the X-axis at iV. » 


V tan < . . • (i) 

t _ r V (tan < —tan oO 

acceleration at*iV-=--- 

% time 

- V (tan < — tan <’) 

“ AB 
V 

• » V* x curvature...(ii) 

Again as shown in the previous article * 

volume strain. 
ax 


The "stress which produces this strain is given by the 
excess of pressure at A over the normal pressure and let this 
be equal to p . 

Stress x strain 
or pesJSx strain 


strain 



But 


v dy 
V~“dx' 



Therefore ^ 
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'/ 44. Velocity 
medium. 


« 

Progressive Waves. 

of longitudinal waves *in an elastic 

A 


Let XX be the line of advance of the waves and AB 
a very thin layer* of the medium taken at right angles to XX '. 

c 


X- 



* A 

Fig 32 

The particles of the medium through which tde waves 
advance execute S. If. Ms. along straight lines parallel to 

^CX The layer AB of the medium being very thin it 
ifebves backwards and foi wards along XX\ and the force 
per unit area which causes this motion at any instant is 
the difference of pressure at the two faces A and B of the 
layer. Again we have from Dynamic « 

force »ma&x acceleration . . ( 

Let atsuiy given instant 

P+pi pressure per unit area at A ; 

P+P* =pressure per unit area at B j 
v L m particle velocity at A , 

» a ex particle velocity at B ; 

P ** density of the medium ; 

V =s velocity of transmission of the waves. 

Then force per unit area 
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Hass of the layer of unit cross section ** volume x density 

=ABp. • 


Its acceleration 


AB 

V 


The velocity* changes from v x to v t in the time 
during which the yaves advance through the distance AB . 

Therefore from (i) we have • 

P.AB. y(v t -v 9 ) 

A-/ AB 

or — 1 —Mr-«P V 
v xr v 9 

Again we have the relation 

1> E r , 

constant | Art. 43. J 

• P % -.P*—& ~. P\ 
v L v% V v x — z> a 

Hence we have -~=P F or F* = —• 

V E * 

— or the velocity depends only on : this 

elasticity and density of the medium. 

# 

Alternative proof :—As before we have 

P\ ~P* ** mass x acceleration. Let AB=sd& 

But a-*-£*'-*££** [••' 

■■ r • 

mass»fcte; - - • . 
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and acceleration— -£r, where /=«sin -r- (Vt-x) 

atf « a . 

r 

the general equation of w^ve motion. 


m 


Thus we have 


E ^\dx* 
dx % 


>% dx 


<«) 



r 


d*y _j 
dt % “ 


— a 


Fcos — (Vt~x) ; 

A 

^ V‘ sin ~~ ( Vl—x) 

A A 




j rfy 21T 27T ,... . 

and r- *= —u - cos — (Vt-x) ; 
a# X X 


4 W* 

d*~- a y- s,n 


27T 




Substituting these values of — .and ... in (i) we have 

aX at ■ 


E=pV* 


That is V 1 


E 

P 


\ 


■ ° r r-\/? 

\ 45 Velocity of sound in air. Sound waves are 

longitudinal, and therefore, the velocity of their propagation 
in air is given by 


? ; where -/^coefficient of volume elasti 


city of air, and p«its density. 


If the compressions and rarefactions take place, slowly 
under isothermal conditions so that the temperature remains 
constant, then®**i> the pressure of air. 



PROGRESSIVE WAVES 59 ^ 

Again if the changes take place under adiabatic conditions, 
hat is, too quickly to Allow of any transference of heat from 
article to particle then t 

E=ayJP; where^e*^. Art. 16. 

Cv 


On the other, hand if there be partial transference of- 
leat by conduction and radiation during the changes then- 

E lies between P and 7 P, 

V can not be greater than IfL- 

* ^ 

V can not be less than A / 

V P 

4 $. Newton’s value and Laplace’s correction.. 
The velocity of sound in air \vas theoretically investigated 
first by Newton, who applied Boyle’s law to deduce his result, 
and therefore assumed the changes to be isothermal. 

Newton’s expression for # velocity is V* 

value obtained from this expression was found by Newton 
to be less by about i/Sth of the actual value, and be tried to 
explain the discrepancy by assuming that the molecules 
of the •medium occupied about i/8th the linear distance^ 
traversed, and that sound moved instantly through .the 
molecules and took time to pass through the interspaces 
only. 

The real cause of the discrepancy was given by Laplace,, 
•who assumed that the changes took place under adiabatic 
conditions. His expression for the velocity is given by % 


But the 


V 


TP 

P 
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and the value obtained from this expression agrees with 
experimental results, 

• • 

Laplace’s assumption is corroborated by Stoke’s argument 
to the effect that if the rise in temperature during compres 
sion and its fall during expansion were to any sensible exten 
smoothed down by partial radiation and conduction, the 
the available amount of energy for wave transmission woul 
diminish and would lead to the intensity falling off much 
more rapidly*than inversely as the square of the distance. 

Velocity is independent of X and is therefore the same 
for waves of all frequencies. 

Newton’s value expressed as y/gjf 


In the expression 

P=gpH s where //= height of the homogeneous 
atmosphere, and g» acceleration due to gravity. 

V 

Tb„ v.njif. 

■acquired by a body falling in vacuo through half the 
bejght of the homogeneous atmosphere. 

47 # Effects of pressure, temperature and 
loisture on V. 


Change in pressure. The temperature remaining 
constant any change in pressure produces corresponding 
change in volume. Let P and P be tbe initial £r^sure and- 
density* P x aud be the new pressure and density, and 

9 and vy, tfce volumes corresponding to P and P, 
•respectively. • 
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We have V, 




But Pv—P x v x fit «— 

n <\ ~L - V -i • _«2i 

nd V mf Py 9V 

... ?-’• 

That is F is independent of pressure. 

Change in temperature. *The pressure remaining 
onstant any increase in temperature produces correspond- 
ig expansion a#id* change in density. 

Let velofcity at Vt » 

and velocity at o °C sa P 0 ^~ 

where P, and p 0 are thd densities of air at t°C and o °C 
ispectively. 

Ti . Pt _ .4 _ P0^0 4 

But —— or p t = — 7 - , 

Po »o( , + s( 0 

where « = coefficient of expansion of airs=’00367. 

... . »-4/z^i±<«-Fo/n^r 

▼ ^0 

*hen / is very small 

+ If we take F 0 « 33200 cms per 

;cond, and ^ then 33200 ^ 1 + 

*=33200 +61A 1 
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That is, the velocity in a gas increases by about 6i,cms 

/per degree rise in temperature. 

• * 

V 2 varies as the absolute temperature . 

-Let /== absolute temperature ass 
Then /r+T/= /YU 

.*,V/srs 'f\, But constant 

VtocVT € 


Moisture. Presence of moisture changes' V, since 
density of aqueous vapour is slightly less than that of air, 
and in addition 7 # for aqueous vapour isci^i whereas that 
of air is 1*41 c 

« 

Let P>«/ssvelocity in moist air under pressure P and 
temperature PC. 

velocity in dry air under pressure 760 mm, and 
temperature PC. 


Then we have Vmt=* \/ it. 

V Pm 

. VdL \/v*° * 

V Pd 

weight of I C. C. of moist air at pressure 
P and temperature PC. 

-weight of I C. C. of dry air at (P-fymd 
PC+ weight of I C. C. of moisture a$, gaud 
PC [e cssaturation pressure of aqueous Valour 
at PC.] ; . ' .* 

.Again mass of t C. C. of aqueous vapour 
, « | thetaas* of 1 C. C. of dryair 
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-z-pd x£ 

700 760 8 


We have 


*^ ( I *>” j£o < ^-'378;) 

. / mftnO 


™=A/ 

Vmt \ 


7 6 oP« 


a/^-:378< 

• V Pjbopd 9 y p 

S/"' = velocity in dry air at 360 and /°C. 

Velocity of a transverse wave &long a 
.stretched string. 



In fig. 3a PQR represents a transverse wav| travelling 
along a stretched string from left f to right with a velocity 
v. Let us assume that the wave is of a ’permanent 
type, so that its front remains unaltered and it moves with 
a constant velocity. If a velocity V from right to left 
be now impressed on the string, the wave will remain 


iodine position, for it is moving along the string with $ 
Velocity from left to right, while the string 1$ mow?* 
* in the opposite direction with the same velocity. AgJ 
it is found experimentally that the velocity of pro$aggt$f^ 
of a wave along a string does not depend on its -.strap©, 
’We, therefore, assume that part of the wave 
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the crest, at any rate, forms arc of a circle with its centra 
at 0 , c Let us consider the motion* of the element PQR . 
Since it moves in a cfrcle wifb a speed v it is acted 
on by a centrifugal force tending to throw it vertically 
upwards along OQ. The magnitude of this force 

mass x velocity® mlv ' 2 
.. r " r 

where Vs=radius of the circle of which PQR is an arc, 
m»mass of the string per unit length, 

W<2*= QR. 

But the element is in equilibrium anS does not move' 
upwards. It must, therefore, be acted on by an equal force 
vertically downwords. The* only other force acting on 
the element, however, is that due to a tension T acting 
tangentially at P and R. The component of each vertically 
downwards » T cos (90 ° — sin Q ; 

where 0= L POQ ■* L QOR, 

Since the element is very small -saPQt $r. 

c 2 * 

and sin0-0»~ 
sr 

7V 

,\ The total downward force« * T$in$=2T$* «- 

r 

For equilibrium we must have 

mlv* Tl 
r r 



is in cms when T is in dynes and m in grams). 



CHAPTER* VII. 

REFLECTION AND REFRACTION OF WAVE MOTION 

49. Reflection and refraction of wave motion. 

m 9 

Let us consider a number of perfectly elastic balls of 

the same mass arranged in a row, followed by another set 

of lighter, balls similarly arranged along the same row. 

On striking the first ball of the lighter set in the .direction 

of the row, it moves forward and impinges on the second 

and comes to rest, while the second lftoves forward and 

strikes the a third, itself coming to rest and so on. The 

whole process is as if the first ball moved through the 

second without disturbing it or being itself disturbed. 

When the disturbance reaches the first of the heavier set 

of balls, the lighter b&U rebounds after striking the heavier 

one and moves backward. It now strikes its neighbour 

and sets it into motion and itself comes to rest, and thus a 

* 

disturbance is set up which move! back in the opposite 
direction. The heavier ball in its turn takes? up sofoe 
energy of motion from the rebounding ball and moves 
forward and comes to rest after striking its neighbour, 
which in its turn transfers its motion to the next ball &nd 
so on. A disturbance thus moves along the row pf, the 
heavier set of balls with a definite velocity different.fiont 

i 

’that in the lighter set. 

The same thing will happen when a wave 
reaches the surface of separation of two media of uneqtigg£; 
densities. Part of* the wave energy is transmUt^j^t^ 
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the second medium as a refracted wave motion and part 
travels ‘back into the first medium as a reflected wave motion. 

50 Laws of reflection and refraction of Sound. 

Light and radiant heat, like sound, are wave motions, 
and in a homogeneous medium they propagate uniformly 
in all directions, falling off in intensity according to the 
inverse square law Sound undergoes, reflection and 
refraction, and the laws of reflection and refraction of sound 
are exactly the same as those of light and heat . 

Laws of reflection When sound waves moving through 
a medium meet an obstacle, they follow the law of elastic 
bodies ; that is, they return upon themselv-es forming new* 
waves, which appear to start, from a second centre on, the 
other side of the obstacle. * This phenomenon is called 


rejection of sound. 

Let us consider spherical waves starting from a point 
source to undergo reflection at a plane surface. In fig. 34. 


S represents a plane 
reflecting ^surface at 
right angles to the 
plane of the paper. 
The • incident waves 
in the plane of the 
paper, starting from 
point source A y are 
represented by the 
concentric circles, 
and thb correspond¬ 



ing reflected waws 

are given by the arcs of the 

- * 1 


Fi fr 34- 

concentric circles whose centre 
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is symmetrically situated behind 5 at A\ An ear placed 
at any point P\ hears the reflected sound as if it canSe from 
A\ A/If, a normal to the incident waves is a direct ray, 
and MP is the corresponding reflected ray. From the 
symmetrical positions of A and A' it is clear that the direct 
or the incident ray and the reflected ray are equally 
inclined to A' andjie in a plane at right angles to S. 


Laws of reflection. 

1. The angles of incidence and reflection are equal. 

2. The incident ray and the reflected ray tye in the 
same plane perpendicular to the reflecting surface 

The laws of reflection of sound being the same as those 
for Might and heat, may be demonstrated by similar 
experimentes. * 


51. Reflection from plane and spherical surfaces. 
In fig. 35 two tubes about 3 feet in length and 1-5 inches in 
_ s » diameter are so adjusted 



symmetrically with res¬ 
pect to a flat, surface S 
of slate, wood or thick 
cardboard, that the axes 
of the tubes are *equally 
inclined to S and lie in 


F»g- 35- 


a plane at right angles 


to it. If a watch be held at A its ticks are distinctly 


, heard at B even when a screen C is placed between 
A and B to cut of off the direct sound of the watch. The 
bearing is much aided by applying ear to the end of a 
glass funnel held at B which collects a ^greater amount 
■of the wave energy. This effect is better demonstrated by 
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placing a whistle at A and a sensitive gas flame at B . 
S is removed and the pressure of the gas is adjusted 
till the flame just does* not flare. On replacing 5 in its 
inital position the flame immediately begins to flare and 
continues to do so as long as is in position. 

In flg. 36 a watch is held on the axis df a large concave 
spherical mirror S, and it is found that, when the watch 
lies between C, the 
centre of curvature 
of the mirror and 
F, its principal focus, 
the ticking of the 
watch is heard most 
distinctly when the 
funnel is placed at 
the conjugate point A on the other side of C. As the 
watch is moved towards F the corresponding position 
of the funnel moves away from ( 7 , and when the watch is 
at F the sound of the watch is thrown accross a large 
distance. &s in the case of light if a pair of conjugate 
mirrors be adjusted anct a watch be ’ held in the focus of 
one of them, then its ticking is distinctly heard at the focus 
of the ether even when the mirrors are 10 to 15 yards apart 

52. Echo is a familiar example of reflection of sound. 
We hear echo of our own voice when there is a distant 
obstacle which can reflect sound directly back to us. 
The number of syllables that an echo can repeat is propor¬ 
tional to the distance of the obstacle, and it is easily seen 
that it is not possible to pronounce or bear distinctly more 
than five syllablls in a second. The velocity of sound in 
air may be taken as 33,000 cmsjsec. and therefore sound 
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travels through 6600 cm. in one fifth of a second. The 
reflecting surface should be 3300 cm. distant so that sound 
in going and coming bad? may take one fifth of a second. 
The time which elapses<• between the articulated and the 
reflected sound is thus one fifth of a second. The two 
sounds, therefore, do not interfere and the reflected sound 
is distinctly heard 4 

At distances less than 3300 cm. the reflected pluse will 
reach the speaker before a syllable is pronouuced and it will 
mingle with the voice of the speaker and can not be heard 
separately. • 


53. Multiple echoes. Sound, like light, may be re* 
fleeted several times in succession giving rise to a succession 
of echoes of a sound, and as ljght under such circumstances 
gradually falls off in intensity, the echoes also gradually become 
feebler to the ear. The effect may be due to independent 
reflections from obstacles at different distances or due to 
reflections and re-reflectidns as between two parallel walls. In 
an old palace of Simonetta in Italy, which forms the sides of 
a quadrangle an echo # repeats from about 30 to 40 times. 


54. Whispering galleries. A very interesting example 
of reflection of sound is found in whispering galleries. In 



the circular gallery of St! Paul’s 
the faintest sound produced on 
the side of the dome is distinctly 
heard on the other side, but is 
not audible in any intermediate 
position. In flg. 37, S represents 
a source near the circularr wall 
of a gallery. Thowaves diverge in 
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all directions from . S , but all the sound sent out between 
the ciroles, as shown in the figure, *is reflected round and 
round the gallery and is <hus cod fined in the air between 
the wall of the gallery and a cylindrical surface represented 
by the inner circle, and even a feeble sound S is heard 
any where near the wall of the gallery in this space,/ 

Sound is also reflected from clouds. It k reflected even 
in passing through air when it meets the surface of separa¬ 
tion of layers of air of different densities and the effect 
though not strong enough * to produce an echo perceptibly 
weakens the direct sound. 

, « 

It is found thaft on some optically clear'days sounds 

cannot be distinctly heard at distance far less f than 'that 
at which they are clearly heard even during a thick haze. 
Tyndall explained this effect as being due to the presence 
of aqueous vapour, which forms an infinite number of 
very thin stria:, which are quite* transparent to light 
but are opaque to sound, and serve as reflectors of sound 
waves. Tyndall showed that a sound is much weakened 
in passing through a medium of alternate layers of light 
and heavy g&ses. 

It is*also found that so long there is continuity of< 
air, sound can pass very easily through the interstices of 
solids, and it is an interesting fact to find sound passing 
easily through io or la layers of dry silk but being 
effectively stopped by a single layer of wetted silk 

55 - Refraction of Sound* When sound passes from 
one medium to another in which its velocity is different, 

. tfje direction of propagation of the waves is in general 
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altered. This phenomenon is called refraction of sound. 

The refraction of 
sound may be 
demonstrated by 
using a lens-shaped 
india-rubber bag 
JJig, 38. filled with any gas 

whose density is different from that of air. In fig. 38 a 
convex lens of india-rubber is filled with carbon dioxide in 
which sound travels more slowly* than in air. The sound 
waves diverging from a point source on the afcis of the 
• lens on one side* of it are concentrated^ at a certain point 
on (he axis on the other side. The spherical waves from 
the source on entering the Jens travel more slowly, and 
the central parts, which reach the lens first and have 
to pass through more space in the lens, are detained 
more than those near the edges. The waves inside the 
lens are thus flattened and on emergence they travel faster 
again. The edges come out first and gain on the central 
parts, and thus tlye waves are # curved in the opposite 
direction and converge near the funnel on the other side. 

56. Speaking Tubes. When sound wav$s pass 

through a tube, they can not spread out into spheres, as they ' 
would do in the open air, but they undergo reflections at the 
sides of the tubes and are thus confined within the tube. 
The wave front remains the same in size and the waves 
move forward with comparatively less decrease in amplitude 
and therefore in intensity. * 

57. Wind refraction. Sound is transmitted more 
effectively when it moves with the wind than against it, and 
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it is generally found that sound of distant sources which are 
inaudible in still air are clearly heafd when a wind comes 
from that direction. This is dws to the concentration of 
sound towards the surface of the*, earth due to the turning 
of the waves towards the earth by the effect of wind. 



set up by a distant source. ^ AB is assumed to.be vertical 
and proceed horizontally. A L B lt A 2 B 2 etc. represent 
positions which AB would occupy after equal intervals of 
time in still air. If wind blows with the sound then the 
sound is carried faster and the velocity of its propagation is 
the sum of the velocities of the wind and that of the sound 
in still air. * But the upper layers of air move faster than the 
lower ones^ and thus the wave fronts are turned towards 
the ground and an observer at B s has much greater chance 
of hearing the sound than in still air. 
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In fig 40, the effect of wind blowing in the opposite 
direction is shown. In this case the velocity of rtie wind 
has to be subtracted froni that 6f the sound. The waves 
near the ground in thiV case move faster than those in the 
upper layers and thus the wave fronts are turned upwards, 
and an observe* at B s has much less chance of hearing the 

sound than in still air. 

■ 

It is a vgell known interesting fact that sounds are more 
audible at night than at day time. This effect may be 
explained as being due to refraction of sound waves on 
account of variation of temperature of the air. Generally 
iduring day the*air near ground is honest and therefore 
sound moves faster there than in higher levels, with the 
result that? the sound waves »are turned upwards as in fig. 
40. After dusk the air cools down most rapidly near the 
ground than in higher levels and is therefore denser. The 
velocity in denser air being less the waves are turned 
towwards the ground as in fig. 39, and sounds become 
audible even at considerable distances 

There is another* kind of soutid refraction, as shown 
by Reynolds, due to variation of temperature *at different 
levels. For the' same temparature the velocity of*sound 
is independent of pressure and would have the same value 
at all levels. But the temperature generally changes with 
the level. Again different parts of the earth are unequally 
heated which produce ascending and desending currents of 
'air of different densities, and sound waves in passing through 
such layers of air are continually reflected and refracted. 
They are not necessarily absorbed but broken up and 
spread out. Light undergoes similar changes and the effect 
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is often seen by the dimness of the outlines of distant objects. 
The loifg rolling of thunder is probabfy due, partly at any 
rate, to the drawing ouV of a more or less sudden sound of 
a near flash due to continual refle&ion and refraction of the 
waves which eventually break up and spread over a longer 
distance. * 

58 Huyghens' principle of secondary waves and 
envelopes. Let us cosider a point source of disturbance 
and waves diverging from it in all directions We may 
concieve the advance of* the waves in two ways. We may 
either assume that the waves start from the source and 
move onwards without any intermediate (consideration, or, 
may regard the state of things at a certain instant as derivable 
from that at some previous, instant when the waves are on 
their way from the source. In an isotropic medium the 
velocity is the same in all directions and therefore the waves 
are spherical. 

v. 

Let S be a point source and AB a section of a spherical 

wave front deverging from it. The radius of the wave 

< 

increases continually wifn the velocity ' 
of sound fcnd the disturbance AB 
will after an instant be at A'B\ On 
Huyghens’ principle when the dis¬ 
turbance is at AB each point on AB 
becomes a centre of disturbance and 

spherical waves start out from these cen¬ 
tres. The envelope of these secondary waves gives the 
wave front, Huyghens assumed that the effective part of 
each secondary, wave in generating the wave front is confined 
to that portion of it which touches the envelope. 
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59. Reflection of a spherical wave from a plane 
surface. 

Id fig. 42 a wave front starting from a point source 
A meets a plane reflecting surface at SS* at some instant. 

Every point of the surface 
between S and S' becomes a 
centre of a reflected wuve. If 
the wave had not met any 
obstacle it would have occu¬ 
pied the position SJJCS’ after 
an instant. # but the effect of 
Fig* 42. the reflecting surface is such 

that when the disturbance has just reached S$', E has 
become the centre of a reflected spherical wave of radius 
equal to ED\ and any other point, B, for example the 
centre of a reflected wdfve of radius equal BE '. All the 
points have become centres of reflected waves and the 
envelope of these secondaries is given by the »sphere of 
centre A' and radius equal to A*D' wfiere AD** A'D '. 

The*incident spherical wave starting from A is concerted 
after reflection, into another spherical wave of equal radius 
with centre at A'. The change undergone on reflection, 
therefore, is simply to reverse the curvature of the wave. 

. 60 Reflection of a spherical wave at a spherical 
surface. Let A represent a source and E a doncave 
spherical reflecting surface. The incident #ave SS r which, 
would have occupied the,position SjDS' had there been no 
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obstacle, is converted into the wave SD'S on reflection so 
that EB=*ED' * 




From which we have CD + CD'^iCE or the sum of* 
the curvatures of the incident and the reflected wav t es is 
equal to twice the curvature of* the reflecting surface. 

In fig. 44 the reflecting surface is convex and we have 
CD' -CD**2CB. Representing curvatures in opposite 
directions with opposite signs we may state in general that 
the curvature of the reflected wave is* equal to the curvature 
of the incident wave reversed plus twice the curvature of 
the reflectiftg surface. % t 


6 1 . Refraction of a spherical wave at a plane 
Surface. In fig. 45 a spherical wave diverging from a 



source A falls on a plane surface 
SS‘ of a second medium. If the 
wave had not met the second 
medium it would have occupied 
the position SDS ' at some instant ' 
The velocity of sound in the 
second medium is different from 
that in the first, and E has become 
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the centre of a refracted wave of radius ED' in the second 
medium where ED : ED'=*v, : v 9 or EDtspED' * 

• i 

where v l and v t arg the velocities of sound in the two 
V\ 

media, and—^constant Similarly any other point 

B has become the centre of a refracted wave of radius 
equal to * The envelope of these secondary waves is 

given by the, wave SD'S whose curvature is # M times the 
curvature^ of the incident wave and the effect of refraction 
has been to change the carvature climes. 

62 Refraction of a spherical wave at a spherical 
surface. * 

In fig. *46 a spherical wa\e diverging from A meets the 
spherical surface SS' of a second medium Let, the velocity 

of sound in the second medium 
be less than that in the first. 
Then the incident wave which 
would have occupied the position 
SDS' ip an instant*had there 
been no obstacle, gejs flattened 
and occupies the position SD'S * 
Fig. 46. so that ED—*ED' * 

Tlfe change undergone on refraction, therefore, is to 
increase or decrease the curvature of the incident wave 
front. according as the velocity in the second medium is 
> greater or less. 

63. Reflection and refraction of a plane* wave 
at a plane .surface. • 

The reflected and the refracted wave fronts set up when 
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a plane wave reaches the surface of separation of two iso 

tropic mediaare shown in 
jfig 47. Let SR represent 
the trace of the incident 
wave in the plane of the 
paper. The plane of the 
incident wave passes 
through SR perpendicu¬ 
lar to the plane of the 
paper, and the surface * 
of separation of the 1 fig 47 

media is a plane /hrough SS‘ perpendicular ^ to the planer 
•of the paper. 

Lettime taken by the Wave to advance through RS\ 
fl A =velocity of propogation of the wave in the first 
medium, 

velocity of propogation * of the wave in the 
second medium. 

Describe spheres of radii vj and v%t with S as centre- 
and from S' draw plane *S'T'R' and 3 ‘QP to touch these 
spheres perpendicular to the plane of the paper. The 
tangent plane S’T'R' which is the limit to which the distur¬ 
bance has advanced in the first medium at the instant 
when the wave reaches S’, represents the reflected wave 
front. Similarly the tangent plane S'QP touches all the 
wavelets which started from the points between S and S', and 
therefore, represents the refracted wave front. SR' and SP , 
perpendTculars to the reflected and the refracted wave fronts 
are the reflected fay and the refracted ray respectively. To 
prove that SR' touches all other wave fronts in the upper 
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medium, draw MT ' perpendicular to SR\ Then in the 
right angled triangles SR'S' and SBS', SR'&SB jfnd SS f 
is common to both. Therefore £ SS'R' « lSS'B. Again 
in the right angled trianglSs MTS and MAS', the angles at 
T and A being right angles and lMSV*= lMS'A, it follows 
that L S MT' S' MA ; also MS' is common. Therefore 
MT'ssMA 


Laws of reflection. 

(i) Since lSSR’=lSS B, and lSSB=*£S'SR, the in- 
cident and reflected wave fronts are equally inclined to the 
surface SS\ The normals TAf and T’M to the incident and 

Reflected wave fronts, and also the normal to the surface SS 
are in the plane of the paper, in other words, the incident ray t 
the reflected ray and the normal Ip the surface lat the point of 
incidence lie in the same plane. 

(ii) Again, since the triangle SR!S is equal to the triangle 
SBS and also the triangle SB S’ is equal to the triangle SRS\ 
it follows that L SSR m - L SSR and similarly S'MT'sa 
LSAfT, in other words, TAf and TM, the incident and the 
reflected rays are equally inclined to the surface SS • and there¬ 
fore to its normal at the point of incidence. 

Again, to prove that SQP touches all other wave fronts 
in the lower medium, draw SP and MQ perpendicular 
to SQP. 


SP Vt V 

Then rr -—- tt- . where Vo and V are the respec- 
SB Vot Vo 

tive velocities of the wave transmission in the upper and 
the lower media. 

Again, since triangles SSP and MSQ are similar 

MQ m SM . 

sP S's .' 
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also, since triangles SSB and S'MA are similar 




MA 


SB SS 


S'Af MQ , ^ 

~ "gp from ( 1 ) 




MQ~SP_V 
•’* MA “ Hi 


(*) 


Laws of rejraction :—(i) MQ is at right angles to SQP, 
which is at right angles to the plane of the ‘paper, therefore, 
MQ lies in ttye plane of the paper. In the words, the incident 
ray , refracted ray and the normal to the surface at the point of 
incidence lie in one plane. * 

(ii) Let /angle of incidence of the ray TM. 

/■ssangl^of refraction of the ray AfQ t 

Both of these angles are measured from the nor/nal to the 

i* 

surface SS. Then / = (j - TMS)^MS'A = SS'B. 


Also QMS') = MS’Q 

2 

Af A 

sin /=sin MS A = 
sin r = sin MS Q~ 


lin t MA Vn . 

-^ TrTS^-iT'—the index of refraction from the’ 

sin r MQ r 

first to the second medium. 


64,, Changes undergone on reflection. 

Closed end of a tube. Let us consider what 'happens 
when a condensation' moving through a tube reaches its 
closed end. compressed layer of air in trying to 

expand reacts on the next laye$ and itself regains its. 
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initial pressure. The second layer thus gets compressed 
and reacts on the third and so on. Each layer transfers 
its energy to the next and* 1 comes to rest itself. When the 
condensation reaches the* closed end, the compressed layer 
of air there cannot expand towards this end, and it there* 
fore reacts on the adjacent layer of air behind it, which 
thus gets compressed and reacts on the next layer and so 
on. Thus the condensation moves back in the opposite 
direction through the tube as a condensation. A rarefac¬ 
tion on ^reaching the closed end similarly gets reflected 
back as a rarefaction ; each pulse as it reaches the end 
starts one of the same kind back. The reflected waves, 
1 therefore , are • copies of the incident idaves only with the 
velocity reversed . 

' A ’ A- 


B B' 

Fig. 48. 

Open end of a tube. When the condensation reaches 
the open end of a tube the pressure* in front of it does not 
increase so fast as when it moves inside the? tube. To 
follow* this clearly let us imagine a condensation .moving 
‘through a uniform tube of unit cross section. Let the dis¬ 
turbance advance inside the tube through a distance l cm. 
in an infinitely small time t. At the end of this interval 
the condensation affects / cubic centimetres of air in its 
[* front to which its energy is communicated. The velocity 
of propagation of the disturbance is constant, and thus 
when the condensation reaches the open* end, it will affect 
in time / all the air within a radius of / cm. from the end 
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of the tube; to which it communicates the same amount of 
energy as in the first case. In fig. 48*a condensation . A'B ' 
is assumed to move, through th& tube from right to left. 
The increase in pressure to the* left of AB is not so 
rapid as it was to the left of A'B‘, Thus we see that 
when a condensation moves through a tube, and each layer 
of air transfers its energy to the next and comes to rest 
itself, the condensation AB . will not have transferred all its 
-energy comufunicated to it by the previous "layer, when it 
has moved through the same distance as the other layers 
inside the tube did. The compressed layer of air AB will, 
therefore, move further than other layers inside the tube, and 
so, while it react^ on the air in front and cempresses it, it * 
will leave a rarefaction behind it, which will move back 

t * ° 

along the tube. A rarefaction reaching the open end of 
the tube will similarly spread a rarefaction through the 
air beyond the end, and start a condensation back along the 
tube inside it. The reflected waves, in this case , therefore, 
are copies of the incident waves with the state of density 
reversed. 



CHAPTER VIII. 


Superposition of waves. 

TATIONARY WAVES—^(INTERFERENCE—BEATS—COMBINATION 
tones—‘Concord and discord.) • 

65. General law of superposition. When several 
/stems of waves starting from different sources arrive at a 
oint* simultaneously, the motion of tl^e particle of the 
ediym at that point is the algebraic sum of the motions 
npressed on it by the different systems. This law of 
uperposition, however, holds good only when the amplitudes 
re infinitely small. 


66 . Stationary waves are formed when two exactly 
imilar systems of waves move simultaneously through the 
ime medium in opposite directions with the same velocity. 

Case I. When the elementary waves are trans- 
erse. Let two exactly similar systems of transv&se waves 
love through a stretched string simultaneously in opposite 
sections with the same velocity. Since the waves are 
loving in opposite directions they will at regular intervals 
f time agree in phase, that is, the crests and troughs of 


ne system will exactly coincide with those of the other, 
-et, us start our investigation from such an instant, and 


online our attention to the state of things in length ABODE 
f'tbe String covered by a complete wave. • ' 


* Chapters X and XI!* 
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Curves (i) and (ii) represent th$ displaced positions of 
the string at some instant du^ to the elementary waves 
separately, and the corresponding curve (iii) represents the 
resultant displaced position of the string due to the combined 
effect of both. 

Fig. 49- 



Fig. 50. 

A^. time the displacement of any particle. of the 
string due to f both systems is in the same &nd to 

the same extent, and therefore, its resultant displacement i* 
double the value of either. A/C and JS are at rest due to 
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both. B is displaced through its maximum upwards due 
to each, and therefore *it undergoes double the maximum 
displacement upwards. Similarly * D undergoes double 
the maximum displacement downwards. Other particles 
undergo intermediate double displacements upwards or 
downwards and the string takes up the position represented 
by curve (iii) t—o. 

m 

After T/4 both systems of waves have advanced through 
X/4 in opposite directions and the relative displacement 
between them is therefore \/a. The displacement of any 
particle due to both systems being equal and opppsite, all 
the particles are momentarily at rest at this instant as 
*hown by curve (iii) t^Tj 4. [ T«timeP period, \*=wave 
length. ] t 

After a 774, that is, another interval of 7 ) 4, the waves 
have further advanced through X/4, and the position taken 
up by the string is represented by curve (iii) 

After 3 7/4 the particles are again momentarily at 
Test. After the state of things is the same as at t—o , 
and at successive intervals of 274, the successive changes 
considered above ate repeated. *By comparing curves 
(iii) we find that the .points A, C and JE, at regulaf intervals 
of X/a, are permanently at rest and are called nodes. Points 
& and D % halfways between the nodes, are displaced through 
the maximum in opposite directions alternately at right 
angles to the length of the string, and are called antinodes 
or loops. Other particles undergo intermediate displace¬ 
ments in opposite directions alternately. On acount of 
persistence of vision we can not distinguish the different 
stages of motion of the string, and it exhibits the appearance '• 
of a flattened ribon as shown in fig, 50. * 
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Case II. When the elementary waves are 
long$udinal. Let us start from the instant when 
the maximum compressions and rarefactions of both 
systems exactly coincide. At t|us instant the effects of 
compression and rarefaction due to both systems being 
the same, both in kind and in degree at every pointy 
the particles undergo double compressions and rarefactions 
everywhere. Again we know that the particles are 
displaced alpng the line of advance of tho waves during 
compression and in the opposite direction during rarefaction, 
and therefore the effecfs as regards velocity being equal 
and opposite at every point due to the two systems, the 
particles are momentarily at rest all over. * , 



Fig. si. 

After 7/4 each system has advanced through X/4» an< * 
the maximum compressions of one system have coincided 
with thfc maximum rarefactions of the other. The change 
in density, therefore, is nil everywhere and. the velocity 
double the value of either. 
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■ After 2774 the same effects as at o are repeated, 
with the only diffefence that the places of maximum* 
changes in density of the two systems are interchanged* 
each system having advanced through \/a in the opposite 
direction from its initial position. 

After successive intervals of Tj 4, these changes will- 
be repeated. V£e thus find that there are points at regular 
intervals of \/a, which are alternately places of maximum 
compression and maximum rarefaction, and where the 
velocity is constantly zero. These, points are the nodes. At 
points half ways between the nodes, the change *in density 
, is constantly zero but the velocity constantly double the 
valye of either. Those points are the antinodes. 

Featifres of stationary, waves. (1) The wave form, 
that is, the arrangement of the particles at any instant, is 
in the form of a sine curve (or may be represented by a 
conventional sine curve in the case of longitudinal waves.) 

(a) There are paricles at regular intervals of \/a which 
are permanently at rest. Other particles execute simple 
harmonic motions ofrthe same period at right anglls (or along 
the string in the case of the longitudinal waves) to the 
length of the string, the amplitude increasing continuously 
'from zero to maximum from a node to the next antinode, 
and t(ien decreasing from the maximum to zero from the 
antinode to the next node. The phase of all the particles 
between two consecutive nodes is the same. 

3. The vibration of each particle is peculiar to itself, and 
the wave form, therefore, does not move onwards. The 
ordinates of the particles undergo proportional changes in 
value continuously with time, from the positive maximum 
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through zero to negative maximum, and then back to the 
positive maximum through zero in T t wSh the result that the 
wave form shrinks to a straight line’twice in 7 * and alternately 
expands in opposite directions. 

4. At any instant the wave form represented by ABODE 
repeats itself at intervals of X, and therefore the displacement, 
velocity and acceleration of any particle is the same as those 
of others at intervals of X along the string at the same instant. 

t • 

5. The arrangement at any instant repeats itself at 

intervals of T. * 

r' \ 

Analytical treatment. Let the two systems of waves 
be represented by 


27T 


?!=!* sin —■ ( 

A 

27T 

y^a sin — {Vt+x)...( 2) 

A 

The result of their combination is given by 

27T o If 

=<* sin— ( *?-#)+« sin ~{Vt + x) 

^ » o 

. 2irVt 2TTX y v 

=« Sin—- COS ——— ...(3) 

A A 

« 

From this we have 

dy 4 Tta V 27T Vt nrx 
dt \ C ° S ~ C0S "T 

dy 4ira . 2T(Vt . 2TTX 
_—_ sln __ sra __. 

whete^—displacement of a particle, 

dy * dv 

^“its veloety, ^-«its change in density. 
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(I) At any instant at points along x, the line of advance 

37TJK 2TTX ^ 

of the waves, given by sir*- - =o fir cos——= ± i 

A A 

• dy • * , dy 

7=maximum, maximum, and-y-~ zero. 
at ax 

These points are the antinodes and are obtained by 

putting or where m is jny positive 

A a 

•integer or zero. 

« 

(a) Similarly at the same instant at points given by 

2TTX • . 2TTX 

• cos - =ao or sin —± t 

^ A 

we haven's zero, ** zero, and -£-*= maximum. 

These points are the nodes and are given by 

27TX W m\,\ 

-r— «»W + —, Or X** -+ • 

X a 24 

• • 

(3) Again at times given by 

. 2TtVt 2TtVt 

•sm——=0 or cos—■■—-«± 1 
• A A 

we have^—zero, ^=maximum, and zero. 


These instants are obtained by putting 


aw *7 


i/mr 


aw Vt 
ot yT * 
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(4) Similarly at times given by 

*1tVt . «7T Vt * 

cos =0 or sm ——=±.1 

A Ac 


dy .dy 

y « maximum, , = zero, and-^ — maximum, 
dt ds if 


These instants are obtained by putting 


* IT 

* - -sss mTT + 

\ 2 


. mT T 

Or /=-- + — 


67. Stationary waves formed by reflection from 
a wall. * * 

1 

When sound waves from c a shrill whistle fafi normally 
on a reflecting surface, the reflected and the incident waves 
move in opposite directions through the same path in air 
with the same velocity, and they being similar set up 
stationary waves. Nodes are formed at regular intervals of \h 
from the reflecting surface; and half ways between the 
nodes antitiodes are formed. If a sensitive flame be moved 
along the formal to the reflecting surface, that is, along the 
line of advance of the waves, it is found to remain unaffected 
at the nodes. Then as it is moved along, it begins to flare 
and at the antinodes the flaring is maximum. The distance 
between two consecutive podes gives X/ 2 » half the wave 
length of the sound waves, and from the known value of V 
the velocity of sound in air, the frequency of the waves is . 
determined from the relation V, 

A sensitive dame detects a sound whose frequency far 
exceeds the upper limit of audition and this method* 
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therefore, enables us .to determine experimentally the fre¬ 
quency of sounds evert when they are inaudiable to u^ 

Resonance. It is foufld in some cases that 
"when two bodies have *the same natural period of vibration, 
one is set vibrating by the vibrations of the other. This 
general phenomenon is called resonance. In sound the 
note emitted hy a vibrating source is greatly intensified, 
when the source is held near the open end of an empty 
vessel of definite shape and size with its natural period of 
vibration the same as that of the ssurce. 

Open tube. The sound emitted hy an excited tuning 
1 fork is found be greatly intensified when the fork is- 
held at the mouth of a tube of proper length.. If the tube 
is open at the far end, this*happens when the length of the 
tube is half the wave length of the sound given out by the 
fork. To follow this let us Start with a condensation just 
given out by the forl$ and moving down through the tube. 
On reaching the far end(jt is . reflected upwards as a rare¬ 
faction, which on coming to the near end, is,reflected again 
downwards with a • second reversal in form which restores 
it to its initial form.) A pulse thus has got to move through, 
the tube twice, once down and once up, to be restored to 
* its initial form. If the time taken by the pulse for this 
excursion be equal to the time period of the fork, then the 
next pLrf'se from the fork will exactly concur with the*' 
reflected pluse, and their amplitudes will be added and the 
intensity increased four times. Since a ^bse undergoes, 
a very large number of reflections before its energy is 
dissipated away, a large number of amplitudes are added 
and the sound is greatly intensified. * , 
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Let P==velocity of sound in air, 

• /aslength of the tube, 

7=time period of the fork. 

Then the time taken by a puls*e to move through the 
'tube twice=~ • 

If this time be equal to T 

then ot 

Closed' tube. When the tube is closed at the far end 
a pulse will be reflected from the closed end unchanged in 
form, and therefore it will have to move through the tube 
'four times, twice down and twice up, to undergo two reversals 
in form at the open end to be restored to its initial form. In 
this case resonance will happen when 

~=T or 4or /-X /4 

These are the shortest lengths of the tubes which give 
resonance in the two castfs. In each <fase reflected waves 
flow continually from both ends in opposite directions and 
set up stationary waves inside the tubes. There is always a 
node at the closed end and an antinode at the open en<J of a 
tube, and the shortest distance between a node and an 
antinode is V. 4 -, 

As shown in flg. 5a, in the case of close tubes resonance 
will also take place when the lengths of the tubes are odd 
multipies of >/4t and in the case of open tubes as shown 

__j_1_-— -—-- 

v. ^ * See Chapter X*I. 
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in % 53 * there will £e resonance when the lengths of the- 
tubes are even multiples oj X/4. • 



fig. # fi 8* S 3 - 

• « 

69. Wind instruments—Organ pipes, and Reedt 
piped. A wind instrument is generally made of a cylindrical 
metal. tube or a wooden tube of square section. The sound, 
ing *body in this case is the enclosed column of air inside 
the tube, one end of which is either closed or open, and the 
other end has an arrangement for setting up and maintain* 
ing the vibrations of this air column. The pitch of the 
note emitted thus depends entirely on the frequency of' 
vibration of the air column. The meterial of the tube has- 
no effect on the fundamental tone, which is the same for 
tubes of different materials. With tubes of different materials,. 
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howeyer, the harmonics are found Jo be different which 
make tfie compound notes different in quality. There are 
two distinct ways of setting up and maintaining the vibrations 
of the air column, and the instrument is accordingly called 
organ pipe or a reed pipe. 


Organ pipe. As shown in fig. 54, when air is blown 
into the wind chest <?, it issues from the: narrow slit as a 
stream of tlfin sheet of air, which breaks ' against the 
bevelled lip b of the tulje. The shock thus encountered 
-causes , the air to issue from the slit in an intermittent 
manner ; and the impulses produced by o this intermit¬ 
tent flow of air set up vibrations of 
the air column c inside the tube. By 
properly adjusting the air current 
when the period of the pulse agrees 
with the natural period of vibration 
of the air column, there is resonance 
and the tube speaks powerfully. 

Reed $ipe. In this case as 
shown in |g. 55. air blown into the 
wind chest a in trying to escape sets 
-a thin metal piece b , called the 



Teed, into transverse vibrations. The Fig. 54. Fig.‘ 55. 

'vibrating reed, alternately closes and opens the *ir 

passsage and the impulses thus ’ caused 1 by the succession 

of pUffe of air, set up vibratioris of the air cohitan c inside 
the tube, . :< 


-jt 


- Waves are jdntinually reflected fifpra .both ends of a 
.%, w W opposite ,directions^tjirqugh ; thp. tub^ 
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ing up stationary waves in it. There is a node at the 
closed end of a stopped pipe, and an antinode at tlie open 
end of an open pipe, and% both oases there is an antinode 
at the end where the wind enters, which is always open to 
some extent. 


The position* of the nodes and the antinodes are shown 
by the method (J ev ‘ se d by Hopkins. For this purpose the 
front of the tube is made of glass, so that a thin membrane 
stretched over a cardboard ring and suspended by a string 
inside the tube, is distinctly seen* «Fine sand is strewn on 
the membrane which is gradually lowered by the string 


inside the tube, and it is found that when the tube speaks, 
• ^ 
the sand particles are violently agitated at the antinodes 



•whereas at the nodes they are perfectly unagi¬ 
tated. 

Another method of fixing the position of, the 
nodes and the antinpdes in a pipe was devised 
by Koenig and is known as monometric capsule 
or flame, 

A circular hole is made in the side of the pipe 
and covered by a thin india rubber Ynembrane. 
A piece of wood or metal in the form of,.a 
capsule is fitted into the hole so that it leaves 
a small space between it and the membrane. In 
fig. 57. three such capsules provided with small 
burners are shown fitted to the side of an organ 
tube. A hollow chamber AB % attached to the 
side of the tube is filled with coal gas by ft rubber 


Fig. 56. tube. The gas comes out of the chamber through 
three; little, bent tubes and passes into the space between the 
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membranes and the capsules, and then out of the burners 
where jt is ignited giving three small ‘flames. Any vibration 


of the air inside the tuba throws * 


the membrance in contact with 
it into similar state of vibration, 
which causes corresponding 
variation in the pressure of the 
gas in the capsule and thus varies 
the size of the flame. The vibra- 
ions of air inside the ti^jbe being 
very rapid the variations in 
the size of the flame cannot 
be distinguished tfhen the flame 
is seen directly, on account of 
persistence of vision. To ren'der 
them distinct a mirror, which 




can be rotated about a vertical Fig, 57, 

axis is held in front of the flames. When the capsule is at an 
antinode the flame remains steady, and on rotating the mirror 
its image^ appears as a continuous band of light. At a node 
the flame undergoes rftpid changes ib size and its image 
seen in tile rotating mirror presents a broken up*toothed 


appearance. 

70. Forced vibrations and Resonance. ,Let us 
take a pendulum of period one second at rest, and let a series 
of blows be applied to it at regular intervals of 1 ^ seconds. 
The first blow sets the pendulum into motion. The second 
blow is applied when the pendulnm has completed a little 
more than one oscillation, and acts in the direction in which 
the pendulum is moving and thus increases the amplitude. 
T,he effect of tfie third blow is similar. At the fourth blow 
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the pendulum is at its position of maximum displacement, 
and the fifth blow acts while the pendulum is moviifg in the 
opposite direction and thus tend/ to check the motion of 
the pendulum. The effedts of the sixth and seventh blows 
are similar, and at the eighth blow the pendulum is brought 
to rest again. The effects of the succeeding blows will be 
to repeat the whpje operation. Let us now imagine that the 
period of the blow is gradually reduced from i/ T seconds 
to i sec. As an effect of this the number of blofrs applied to 
the pendiflum before it reaches its extreme position, increases 
more and more, and therefore, the amplitude becorftes greater 
a and greater, and« when the period is reduced to i sec. the 
blow always adfcs as the pendulum passes its position of rest 
in the same direction and tfjus tends always to increase 
the amplitude. 

Here we have assumed so far that the application of the 
blows has no effect in changing the period of the pendulum. 
The blows, unless they act when the pendulum passess its 
position of rest in the same direction, tend to alter the period 
to some extent. We thus see that *a body may be set into 
periodic motion by the application of a periodic force which 
changes both in direction and in magnitude. When the 
natural period of vibration of the body is precisely equal to 
the period of the force, the body is thrown into powerful 
vibrations and it-is said to respond to the periodic force . If 
however the period of the force differs slightly from the 
natural period of the body, it begins to vibrate and generally 
with a small amplitude but period the same as that of the 
force. The vibrations thus set up in a body aje called forced 
vibrations* 
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7x. Forced vibrations set up c in pendulums sus¬ 
pended from the same support. 

In fig. 58 four pendulums A , A\ B and C are suspended 
from a light horizontal support, the plane of oscillations of 
- the pendulums being perpendicular to the 
plane of the paper. A and A* are of the 
same length and therefore of the same 
t period ; C is a little smaller and B a little 
longer than A . A is provided with a rather 
B heavy baft. Starting with all the pendulums 
fig* $8* at rest, set A into vibration. This causes a 
periodic force to acft on the support at the point of suspen-, 
sion of A y and it is thrown Into forced transverse vibrations 
of the same period as that of A> The vibrations of fhe support 
cause a periodic force of the same period as that of A to act 
at the points of suspention of A\ B and C . The natural 
period of A ' being the same as that of the force, it is readily 
thrown into vibration. The vibrations of B and C are at 
first intermittent; they take up a little swing, then come to 
rest and repeat this for «ome time and finally their inter¬ 
mittent natural vibrations die away and they settle down into a 
a steady vibration of small amplitude but period precisely 
the same as that of A . 
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The mode of vibration of C, is shown in (fig. 59.) R % the 
point of support moves tg and fro along PQ and tlffe period 
of this motion which the same as that of A f is longer than 
that of ( 7 . C behaves £s if its point of support had been 
at O , which is so situated that a pendulum of length OC 
would have the same period as that of A . The mode of 
vibration of B % whose natural period is longer than that of 
the to and fro motion of the support is shown in fig. 60, 
the string passing through O t so that a pendulum of 
length OB would have the same period as that of A. It 
is also evident from the figures that while A % At and C are 

, in the same phase, B is in the opposite phase. 

• * 

Analytical treatment Let us now consider a general 
case. Lef a mass m executed S. If M. of period T, under 
the action of a controlling force, such as gravity in the case 
of a pendulum bob or elastic forces as in the case of a mass 
attached to a spring. 


Then when the displacement of m is x , the acceleration 
acting on *. aQ d the outward forae acting on 

it« -itn x. (Art. 24. ) Now let a harmonically 


sir 


changing force P sin -=rt be applied to m. 

■*1 

m now settles down into a steady vibration, so that the 
nutural force and the periodic force together give a force 
required to make m vibrate with a certain amplitude in 
time T lt the period of the applied force. Therefcyre when 
the displacement of m is x , the acceleration acting on m 

=■- ^ 2 ^r^ x &ud the outward force acting on it**» — m (W 
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This is the resultant of the natural f force and the applied 
force. 1'his requires # 


-*(■ tif x ~ ~ m ( j f ) 3C+psiL %' 



Case i. when T k > T y that is, the period of the applied 
force is greater than the natural period, x is posstive or 
the forced motion agrees in phase with that of the applied 
force as shown in fig,' 59. 


Case a. When IT, < T, that ,»s, the period of the applied 
force is less than the natural period, x is negative or the 
forced motion is opposite in phase to that of the applied 
force as shown in fig. 60. 

Case 3. When 7 \® 7 ; that is » —0 » * is 

infinite. This means that the displacement will become 
infinite in this case. In practice however the displacement 
goes on increasing until the loss of energy due to radiation 
and dissipation is balanced by the energy supplied to 
the vibrating body by the applied force. This is the case 
of resonance. 

When two clocks which keep nearly the same time 
are placed on the same stand, the vibrations of their 
pendulum^ are communicated to the stand, and thus each 
pendulum causes # a periodic force to act on the other, 
at a result of wMch the faster pendulum begins to vibrate 
M little more slowly and the slower <pendulum a little more 
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rapidly, till finally both the pendulums vibrate similarly 
in exactly the samef period. The vibrations in each case 
are forced and the peridti of vibration differs very slightly 
from the natural period.* 

A suspension iron bridge at Angers was once thrown 
into violent vibVations so as to endanger its stability when 
a regiment was parching over it. The steps of the regiment 
bad a period which coincided with the natural period of 
the bridge. * In the same manner, a ship bn the trough 
of the s£a is in a critical position when its natural period 
of vibration is the same as that of the waves. * 

72- Sounding board. The soupd given out by a 
vibrating body is greatly intensified when it is attached to a 
hollow wooden box. The vibrations of the sounding body 
are communicated to the entire mass of the box and the air 
within it, which thus become the real vibrating source 
and throws large masses of air surrounding it into vibra¬ 
tion. The amount of motion communicated by a vibrating 
string to .the air is generally too small to be perceptible as 
sound even at a small distance^ but when the string is 
mounted on a sound-board, as in a violin, j^he sound at 
once becomes audible even at a great distance. 

Since the energy required to set the sound-board into 
vibration is derived from the vibrating source, and the 

i 

increase in intensity of the sound, when the vibrating sound¬ 
board is present, means more energy being transferred to 
the surrounding air, it is clear that the duration of sound 
is proportionately decreased when the sound-board is* present. 



CHA'PTER IX. 

( 

Vibrations of strings and rods. 

73. Vibrations of stretched strings. In sound 
string means a perfectly elastic and uniform cord, wire or 
filament of some material stretched between two points. In 
practice however any real string will have some rigidity, but 
the effects due to this are negligible if the diameter of the 
string be very small compared with its length. The vibra¬ 
tions of the string jnay be longitudinal or transverse accord¬ 
ing as its particles move to and fro about their mean 
positions along the length of ©the string or at right angles 
to it. 

74 - Transverse vibration. Sonometer. A string 
may be set into transverse vibrations by bowing, as in a 
violin, by stretching, as in a piano, or by plucking, as in a 
b&rp. The laws of transverse vibrations of a stretched string 
are generally investigated t with the help of a Sonometer 
or Monochor#. It consists of a metal wire stretched across 
two bridges on the top of a hollow wooden sounding box.* 
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One end of the string is fixed and the other passes over 
a small pulley supporting a scale pan, by placing w|ight on 
which the tension acting dh the string is suitably adjusted. 
There is a third movable bridge by means of which the 
length of the vibrating string can be altered. 

75. Reflection of transverse waves. Let a pulse 
in the form of*a crest on one side of a string travel along it 
from left to right as shown in fig. 62. The particles of the 
string are drawn towards this side as the crest*reaches them, 
and come back to their normaUpositions as it leaves them 



Fig. 62. 


and gasses on. When it reaches S, one of the fixed ends 
of the string, it can not draw the fixed support to one side 
and 4 the extra resistance thus encountered causes a rebound, 
so that the pulse is thrown over on the other side of the 
string, and starts as a reversed pulse moving back along 
the string from right to left. The reflected pulse in this 
case is a copy of the direct pulse with its form reversed • 
A crest is reflected back as a trough and a trough itf reflected 
back as a crest. It is interesting to note in this connec¬ 
tion that in the case of water waves, when a crest meets 
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a solid obstacle it is reflected as a crest, And a trough is 
reflected as a trough. Similarly whin sound waves meet 
solid obstacle a condensation is rtflected as a condensation 
and a rarefaction as a rarefaction. c 

76 Stationary waves set up in the string. If 
instead of a single wave a train of waves travels along the 
string, then on account of reflection at the fixed ends, two 
similar systems of waves will move through the string in 
opposite directions with the same velocity, and will set up 
stationary waves, with nodes at the fixed ends. The string 
may vibrate as a whole or it may divide itself into any 
number of equal parts, separated by nodes, each part vibra¬ 
ting as an independent string. When the string is bojyed 
at the centre, it vibrates as a w^ole as shown in fig. 63 (i) and 
is said to give out the fundamental note. 


N 
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fig. 63. 

If the centre is damped and one half is bowed, the other 

h»lf also vibrates as shown in fig 63 (ii) and the string gives 

out the oc/avt, with double the frequency of the fundamental. 

Again if the atrinfc is damped at a point which cute off one 

« * 
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third of its length, and the shorter length is bowed, it vibrates 
as shown in fig 63 (iii) Jiving out the twelfth with thre# times 
the frequency of the fundamental and so on. The series of 
notes obtained when the string is divided into its aliquot parts 
are^ajl^d the harmonics of the fundamental note. 

^ 77. Laws of transverse vibrations of a stretched 


string. 


We have seen that the velocity of propagation of a 
transverse,pulse along a stretched string is given by 

-Vr."> 

9 

vthere velocity of propagation of the pulse, 

2“=tension with which* the string is stretched 
=>Wxg units of force [ W is the load stretching 
the wire, and g the acceleration due to gravity.] 
m - mass of the string per unit length, 
owr 9 p [r is radius of the wire, and P the 
density of the meterial of the string.] 

Let length of the string between two consecutive 
nodes =a\/2 • 

ft « frequency of vibration of the string, 

Fhe since tnl 
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Since n is expressed in terms of four variables /, r, T 
and P, there are four laws of vibration. * 

1. Law of length * From (ii) we find that when 

i* 

r, T and P remain contant that is, for wires of the 

same material and radius and stretched by the same force, 
the frequencies of their vibration are inversely proportional 
to their lengths. 

2. Law * of radius . When /, T and P remain cons- 

tant »oc —, that is, for wires of the same length and 

material, and stretched by the same force., the frequencies, 
of their vibration are inversely proportidnal to their 
radii. t • 

3. haw of tension. When /, r and P remain 

constant noe^'p* that is, for wires of the same length. 


radius and material the frequencies of their vibration are 
directly proportional to the square roots of the tensions with 
which they are stretched. 

f 

4. Law of density .* When /, r and T remain constant 


n oc 



« 

that is, for wires of the same length and radius 


but of different materials and stretched by the same force', 
the frequencies of their vibration are inversely proportional 
to the square roots of their densities 


78. Experimental verification of the laws. To 
prove the first law the wire of the sonometer is made to-' 
vibrate *as a whole and the frequency of its vibration 
determined. Ldt / be the length of the string and n 
its frequency of vibration. Next the length of the 



VIBRATIONS OF STRINGS AND RODS 


107 


vibrating string is suitably altered by the sliding bridge 
and the frequency is determined. When the lengths are //a, 
//3, //4 etc. it is found thtt the frequencies are 2*, 3 n % 4 n 
etc. respectively, which proves the first law. 

It will be considered in a subsequent chapter how 
the frequency of* vibration of the string in experimentally 
determined. , 

To prove the second law wire9 of the same material 
but of different diameters are mounted ofl the same 
sonometer,* so that their vibrating lengths are the same. 
They are stretched by the same load and it *is found 
that when their diameters are as 1 : 2, the frequencies of 
their vibration Are as 2 ; i. If the diameters have any other 
values d x and </ 3 , the frequencies are as d 3 : d l% which proves 
the second law. 

To prove the third law two identical wires { of the 
same material and radius ) are mounted on the sonometer, 
so that the vibrating lengths are equal. They are 
stretched with different loads and the frequencies of 
their vibration are determined, and ,it is found that when 
the loads are as 4 : 9, the frequencies are as # 2 13. If 
the loadfe have any other values W x and fV it the frequen¬ 
cies are as ^ which proves the third law. 

In this case the same wire may be stretched with different 
loads and the frequency of vibration determined for each 
load. The frequencies will be found to be proportional 
to the square roots of the loads. 

To prove the fourth law two wires of thtf same 
radius but of different materials having (tensities ? x and 
P a are mounted on the sonometer, and they are stretched 
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by the same load. The frequencies of their vibration are 
separately determined and it is found*that they are inversely 
proportional to the densities. Tlfe same result is established 
in another way. The length of one string is kept unaltered 
and that of the other is changed till the two strings vibrate in 
unison. In this case it is found that • 


l * Vp 7 


where /, and / a are* the lengths giving 
unison. 


But we have already Seen that 
Vp. 


n 

n. 




y p 

yhich proves the fourth law.^ • 

79 * Melde’s experiment. The laws of transverse 
vibration of a stretched string are very conveniently verified 
by Melde’s experiment. A silk chord or a thin wire is 
fastened at one end to the prong of a large tuning fork, while 
the other end passes over a small pulley supporting known 
weights. 




Fig. 64. 

Case L When the prong moves backwards and forwards 
along the length of the string. In this case the frequency 
of the* string is just half of that of the fork. As shqwn in 
fig. 64, starting with the fork at rest, as the prong 
inoves towards its extreme position B the string becomes 
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slack and is allowed to sag. Next as the string moves back 
and is furthest from B tl^e string is stretched tight Ind is 
horizontal. As the string comes back again to B the string 
is slack again but due td inertia of motion upwards it 
goes up as shown in the figure. Thus the string executes 
only half of the vibration while the fork completes one 
vibration. • 


Case //. When the prong vibrates at right Angles to the 
length of Hu string , Let us turn Jhe fork through 90°, so 
that the prong moves to and fro at right angles to the length 
of the string, and swings the string in unison with it. Thus 

tfie prong and the string have the same freqiAncy. 

• 

Let »=frequency of the fork. Then in the second case 
when the load on the pan is such that the tension T on the 


string satisfies the relation n 



t the string 


vibrates 


as a whole most energetically. When the tension is changed 
to Tj\, the string again vibrates very energetically but in 
two segments, with a* node in the middle and with double 
the frequency of the fundamental. For tensions 7/9, T/t& 
etc., the vibrating segments are 3, 4 etc. in number, 
with 2, 3 etc. nodes between the fixed ends and having 
frequencies three. times, four times etc, the frequency of the 
fundamental. 


# 80. Longitudinal vibration of strings. In this 
case the particles of the string move backwards and fcywards 
parallel to the length of the string whose # frequency of 
vibration is independent of the stretching force dr the tension 
• with which the string is stretched. When a particle of the 
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string is displaced from its norma^ position, the restoring 
force Vhich tends to bring th^ particle back'to its normal 
position, is brought into play by the stress caused by the 
displacement, and is thus independent of any previously 
existent stress which affects all the particles of the string 
equally. The velocity with which a longitudinal wave travels 
along a string, therefore, is independent of the tension and 
depends only on the elasticity and density of the material. 



When both ends of the string are fixed and the string 
gives out its fundamental, there are two«nodes at the fixed 
ends and a loop in the middle. In this case . 

/= length of the string=X/2 • 


• • 


r*»\« 28 / 





is-Young’s modulus of the material of the string, 
pcaits density. • • 

E should in strictness be the adiabatic value and not 
that obtained by any of the statical methods which gives 
the isothermal modulus. But the difference between the two 
values is very small and may be neglected. 


81. Comparison of the velocities of propagation 
of transverse and longitudinal waves along a 
-stretched string. 


We have seen that velocity of propagation of a transverse 


i. 

wave along a stretched string« Vt 
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and ^“velocity of propagation of a longitudinal wave 

* -"t* 

along a stretched strings ~L 


But fl»=mass of the string per unit length, 

— cross section of the wire x its density, 
«jp. [s =cross section and P=density] 

. (i) 

v 'r\/ 


'2. ~ \/iL 
p V pj 


.(ii) 


Thus in order that V t may be equal to V t tjje tension 

acting on the string must be equal to Es. But Es is the 

• • 

force which wiH stretch the wire to doubte its length. We 
see, 'therefore, that longitudinal waves in wires travel much 
faster than any transverse ones- 9 


82. Superposition of harmonic curves- Fourier’s 
theorem. If we construct a curve such that the ordinate 
at any point is the algebraic sum of the ordinates of two or 
more curves at the same point, then this curve gives the result 
of superposition of the elementary curves. 

When the compdhents are two? harmonic curves of the 
same period, then the result of their superposition *is a third 
harmonic curve of the same period. 

Agpin we know that a periodic curve repeats itself at 
intervals of \ ; and therefore if two or more harmonic curves 
have periods, each some aliquot part of a given period, then 
their superposition will give a new periodic curve of the 
given period. 

Conversely we see that any periodic curve whith may 
be represented as a time-distance graph, may be taken to 
be made up of periodic curves whose periods form, aliquot 
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parts of the period of the given curve. The general statement 
of this fesult is known as Fourier’s theorem . 

83. Fourier's thecfrem may be interpreted to show 

“that the composition of commaisurate simple harmonic 
motions of suitable amplitudes and phases is competent to 
produce a finite periodic motion of any *form whatever, 11, 
that is, “any periodic curve of period X, wbyh is continuous, 
always at a finite distance from the axis, and with only 
one ordinate for each abscissa, may be formed by the super¬ 
position of harmonic cuqres of wave-lengths X, X/s, X/^ etc. 
by properly adjusting the epochs and amplitudes of the 
constituents, and there is only one set of harmonics which 
will thus form it.” * * 

84. Quality of a musical sound Note. Tone. 
Overtones. Harmonics. In Art. 11 it is stated that the 
quality of a musical sound depends on the mode of vibra¬ 
tion of the source at each instant and thus on the form of 
the waves set up. We have seen that a string can vibrate 
as a whole or in any number of equal parts. It is not 
found possible to set a string into vibration as a whole 
without causing to some extent its subdivision. Thus 
when a string vibrates, it gives out generally a mixture of 
the fundamental with the higher tones. The frequencies 
of the higher tones in the case of the string are exact 
multiples of that of the fundamental. But in the case of a 
tuning fork, rod or any other sounding body where the 
restoring force of vibration is due to the rigidity of the 
material, the frequencies of the constituents of the note are 
not exact multiples of the lowest in the series. The sound 
given out by 9 * source is generally composite in character, 
tyeing a mixture of the fundamental with the higher tones. 
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This mixture is different in different sounding bodies and 
is the cause of that characteristic feature of sound which is 
called qualiiv or character • 

The compound sound is called a note . It is made up 
of constituents which are themselves irresoluble and are 
called tones, Tire lowest one in the series, called the funda¬ 
mental, is prominent and others called the overtones or 
upper parlials of the fundamental are feeble, so that the 
pitch assigned*to the note is only that of the’fundamental. 
When th» frequencies of the overtones are exact multiples 
of that of the fundamental they are called harmonics* 

85. Harmonic vibrations detected by resonance. 

Mount a second string on the sonometer aftd let it be tuned 
to ifnison with one of the harmonics of the first string. 
When the first string vibrates, it gives out in addition to 
the fundamental tone, some of its harmonics. If the har¬ 
monic to which the second string has been tuned be present 
in the vibrations of the first string, then the second string 
takes up energy from the first and is itself thrown into 
vibration. It does not vibrate, however, if thij particular 
harmonic be not present in the vibrations of the first string. 

86 ^Analysis of compound sounds by resonance. 
Resonator. A resonater consists of a hollow metallic 

vessel, the large volume of air inside 
which vibrates in unison with a 
particular note. The resonance 
globe of Helmholtz consists of a 
hollow sphere with two openings, 
one of which b is small and is turned 
towards the origirf ,of sound, and 
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the other a which is wide is applied to the ear through an 
india rubber tube. The air inside fhe globe has a natural 
period of vibration of its own, r which depends on the 
diameter of the sphere and that«of the orifice. When the 
note proper to the resonance globe is present among the 
harmonics of the compound note sounded, it is reinforced 
by resonance and is thereby rendered more powerful than 
other components and becomes distinctly audible. Thus 
by means oft a series of such globes, the whole series of 
harmonics of a compound note may be isolated and-.studied, 

87. The ear and hearing. The human ear consists 

of several complicated structures, and a description of it 

lies outside the province of Physics and will be found on 

« 

recent works on Anatomy and Physiology. In Uiis treatise 
we shall simply consider the physical facts with which we 
are concerned. 

The human ear may be divided into three parts ; the 
external ear which includes the pinna or auricle and meatus 
or external opening ; the middle ear or drum ; and the 
internal eaj or labyrinth . The middle ear is a cavity sepa¬ 
rated from^ the external ear by the tympanic membrane and 
has a chain of three small bones or oscicles, which connect 
this membrane with the internal ear. The principal part 
of the internal ear where the fibres of the auditory »nerve 
terminate is the membranous labyrinth, a complicated 
structure of sacs and tubes filled with a fluid and held in 
a cavity, called the bony labyrinth, in the periotic bone. 
The bony labyrinth consists of a central cavity into which 
three semicircular canals and the canal of the cochlea 
open. The veM*ibular portion of the labyrinth has two 
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sacs, connected by a narrow tube ; three membranous semi¬ 
circular canals open mto the former sac and the Matter is 
connected with a membranous tulbe in the cochlea which 
contains the organ of Cord. 

88. Helmholtz's theory of audition. Probable 
existence of a series of a resonators in the ear. 

When sound* waves enter the cavity of the ear, they 
are concentrated upon the tympanic membrase and set it 
into vibration; its vibrations are transmitted through a 
chain of bones in the middle ear to the internal jar, where 
they cause certain delicate structures of the organ of Cord 
1 and the basilar 'membrane to excite the fibres of the auditory 

nente to transmit sound impulses to the brain. 

• 

The basilar membrane is lined with a very large 
number of fine fibres which are the terminations of the 
auditory nerve. This membrane is loose longitudinally 
and tense radially and may be considered to consist of a 
number of parallel strings as in a harp. Holmholtz 
assumed that these fibres act as resonators, eacli» fibre being 
tuned to a definite frequency, so that the series of fibres 
would respond to vibrations of all the frequencies through¬ 
out the range of audition. Thus when the disturbance 
produced by a note reaches the fluid in the Cochlea , it 
throws into sympathetic vibration just those fibres whose 
natural periods agree with those of the simple tones present 
in the note. Each fibre responds to a particular frequency 
and so breaks up the note into its constituents. According 
to this view, therefore, the ear is a kind of practical Fourier s 
theorem. • 
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Or at any rate, it may be assumed that a simple tone 
when if reaches the ear, excites a^elect group of fibres ; the 
middle members of the e group having exact agreement are 
excited strongly, and the extreme* members whose periods 
nearly agree with that of the tone are very feebly excited. 
When two simple tones of nearly the same*frequency reach 
the ear simultaneously, the two groups of fibres that are 
excited overlap, in other words, some fibres are common to 
both, and thefr vibrations being the resultant of two SH.Ms 
of nearly the same period, varies in amplitude from the sum 
to the difference of the amplitudes of the two components, 
causing a periodic waxing and waning in., the intensity of 
the sound which are perceived as beats. (Art 99) When the 
beats are sufficiently slow tfyey are perceived distinctly as 
separate maxima of sound. If, however, the beats are so 
rapid that the auditory nerve cannot recover completely 
between the two stimuli the effect is a discord. Again 
when the beats are very rapid, they link themselves together 
like the periodic impulses of an ordinary musical note, and 
thus escape*perception owing to persistence of impressions. 

89. Vibration of solid rods. 

Longitudinal vibrations Longitudinal waves corisisting 
of alternate compressions and rarefactions travel along rods 
of elastic solids as along air in tubes. They are rejected 
from the fixed ends of a rod as at closed ends of a tube, 
and at free ends of a rod as at open ends of a tube. Sta¬ 
tionary waves are thus set up in a rod as in a tube. 

The ^general expression for the velocity of propagation 

of longitudinal wttves V = — holds good for any 
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elastic medium and therefore it*gives the velocity of such 
waves in rods of elastic solids. 

Case I. When the rSd is clamped in the middle, there 
is a node at the fixed point and two loops at the free ends, 
and its length / satisfies the relations 

2/=\ l «3\ a =5\ 8 ~etc. 

according as» the rod gives out its fundamental or the 
first, second^etc. overtones The frequencies of the funda¬ 
mental and the overtones are as i : 3:5 £tc. and their 
wave lengths \ h \ a , \ s , etc. • 

Case II When the rod is fixed at one ericl, there is 

# a node at lhe # ii./ed end and a loop at the .free end, and the 
length of the rod satisfies the relations 

4 /=\ L =3\ a =5\ 8 etc. 

for the fundamental and the overtones. 

Transverse vibrations. Transverse waves travel along 
rods of elastic solids as along a stretched string, but the 
rod need not be stretched, since it is not the tension but 
the rigidity ( elasticity of shape) of the solid, .that brings 
the restoring force into play, when the particles of the rod 
are displaced from their normal positions. In the case of 

• the string we ncclected its rigidity and assumed that the 
restoring force was due to tension only. In the case of 
the rod, however, tension has no effect and the restitution 
is entirely due to the rigidity of the material. 

When the transverse waves are harmonic the velocity 
of propagation is found to be # 

oc /, the thickness in the direction o& the displacement, 
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©c—(x=wave length)’ 

_ 0 

oc y= Young’s modulus for the material and 

p its density. 

I 

Non-periodic transverse waves are found to have no 
definite velocity, and since the velocity depends on X, the 
laws of transverse vibrations of rods are very much com¬ 
plicated and a full treatment of the subject is beyond the 

scope of this work. * 

* 

i. Effect of damping . When the rod is clamped at» 

® 4 

one end and vibrates in its fundamental form, there is a 
node at the fixed end and a Ioqp at the free end as* shown in 
fig. 66 (i). The modes of vibration when the rod sounds its 
first and second overtones are shown in figs. 66 (ii) and (iii). 
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Fig. 66 


Fig. 67 


The frequencies of the overtones are not exact multi¬ 
ples of that of the fundamental in this case. The frequen¬ 
cies of the fundamental and the first, second, third etc. 
overtones are as t : 5*29 : 8*27 : 10*21 etc. and therefore 
the overtones ar$ ftot the harmonics of the fundamental. 
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a. Effect of fixed supports .* If the rod instead of 
being clamped is allowed merely to rest on fixed supports at 
the nodes as shown in fig.%7 and prolonged towards the clamp 
with a free end, it will vibrate in its fundamental form as 
shown in fig. 67 (i). The frequencies of the fundamental 
and its overtones in this case are as 1 : 2*92 : 4*87. etc. The 
mode of vibration when the rod sounds its first overtone is 
shown in fig. 67 (ii). 

90 Vocal organ in man. Human* voice. The 

vocal or&an in man is essentially a double reed instrument. 
It consists of a wind pipe, the trachlea % which leads to the 
lungs at one $nd and forms the vibrating part, the larynx, 
at the othef. Two cartilagenous mefhbranes, called the 
vocal chords , are stretched across the top of the wind pipe 
edge to edge with a narrow slit between them, and the two 
edges of the slit act as reeds. The vocal chords have mus- 
cles attached to them by which their tension and the fre¬ 
quency of vibrations can be altered. The edges of the slit 
are forced apart by the outgoing current of breath, and 
brought together again by their own elasticity and muscular 
tension. The breath current is fhus broken up into rapid 
succession of puffs, which produce the vocal &mnds. The 
( larynx is longer and the vocal chords are larger and thicker 
in men than in women and children ; the vocal chords in 
men therefore vibrate more slowly and the sounds produced 
are lower in pitch. 

The sounds given out by the vocal chords are much 
modified by the cavity of the mouth. The different vowels 
are produced by changing the shape and size of the mouth 
cavity in different ways. According to* the relative pitch 
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theory the mouth resoundsr to certain harmonics of the 
fundamental given out by the vocal Chords, so that a sound 
which contains among its harmonics the same multiples of 
the fundamental, which may have any frequency, is recog¬ 
nised as the same vowel. According to another theory, 
called the fixed pitch theory a note corresponds to a certain 
vowel, when one or more other notes of fixed frequencies 
are added to it. The note thus added, which determines 
the vowel, is,not a harmonic of the note whichproduces the 
greater part of the sound. On what the quality of a vowel 
exactly depends is still a matter of controversy, and generally 
both the theories are held together, so that a vowel would 

• i 

require for its production certain harmonics of the fundamen¬ 
tal and also certain independent notes of fixed pjtch. The 
vowels can be sustained, and i/i fact they form different ways 
of beginning and ending a vowel sound and are produced by 
modifying the vowels by the tooth, tongue and lips. 

9X. Phonograph. This is an instrument devised by 
Edison for recording and reproducing sound and is similar in 
principle to the rotating drum arrangement for determining 
the frequency of vibrafion as explained in chap. XI. 
A hollow £ylinder covered with wax is so mounted that 
it can be turned mechanically by a handle fixed to its axis,, 
part of which is a screw working in a nut, so that s.s the 
cylinder rotates it also moves endwise. The sound to be 
recorded is directed into a funnel which converges the waves 
upon a thin glass diaphram, to the centre of which is attached 
a small style with a sharp cutting edge. The vibrations of 
the diagram cause the style to vibrate longitudinally at 
right angles to the surface of the cylinder, and thus cut a 
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groove of variable depth on the w»x of the rotating cylinder. 
This groove thus fori^s a record of the vibration^ of the 
diaphram. To reproduce Ihe sountj the cylinder is rotated 
back to its original position and the cutting style is replaced 
by a blunt point. On rotating the cylinder in the same 
direction and wjth the same speed as in the previous case, 
the blunt point is caused to pass along the groove and vibrate 
exactly in the skme way as the recording style, and its 
motions being communicated to the diaphnyn, the latter 
repeats the movements it executed under the influence of 
the incident sound waves. The Vibrating diaphram thus 
sets up waves which reproduce the original sound. 

V 92 Vibrations of tuning forks. We have seen in 
Art 89 fig.<67 (i) that when a rofi free at both ends and sup¬ 
ported at two nodes with a loop 
at the middle, sounds its funda¬ 
mental, its ends move up and 
down together. The same thing 
occurs when the rod vibrates 
with any even number of nodes 
and a loop at its centre. If the 
rod is bent gradually at the 
middle as shown in fig. 68 the 

two Consecutive nodes JVN on 

# 

either side of the centre come 
nearer together and the transverse motion at the centre, 
' which is a loop becomes less and less. If the rod is held by 
a stem at the middle, then since very little energy is 
communicated to the stem, the vibrations of the rod are 
not interfered to any appreciable extent on this account. 
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Ultimately when the two *limbs of the fork are parallel, the 
two nodes come so near each ojh^r that they practically 
coincide, and the motiorf at the centre, which is still a loop, 
practically vanishes. The stem now takes up no energy from 
the vibrating rod, which thus vibrates for a long time. The 
rod thus bent is converted into a tuning fork, and we see 
how it is that the prongs of a vibrating Juning fork alter¬ 
nately approach and recede from each other. As explained 
in Art. 89 the overtones are not ha&monics 'of the funda¬ 
mental The frequencies corresponding Iq different modes 
of vibration though in principle derivable from that of a rod 

free at both ends and supported at two nodgs, are practically 

® . * 
the same as that of a rod fixed at one end. "The overtones 

* 

are hard to be set up and # die out sooner, and thus the 
fundamental lasts much longer, and the note given out by 
a fork, which has been excited by gentle bowing and has been 
vibrating for some time is practically a simple tone. This is 
the reason why tuning forks are of such importance in sound. 
A rise in temperature increases the length of the rod and 
decreases ,the elasticity of its material, and in the case of 
steel forks M'Leod an<f Clarke found that the temperature 
coefficient of the frequency is given by n t =« a (i — ’oooii/) 

f qv t ■ 'l\rC< i\ ■ > , t ' 

93. Vibration of plates. 

I. Square plates. As shown in fig. 2 when a square 
plate is fixed at its centre horizontally on a vertical stand 

and is bowed against its edge, it gives out a note. By 

* 

damping and exciting the plate in different ways it is 
thrown mto various modes of vibration giving out different 
notes. Sand particles spread on the upper surface of the 
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plate are tossed away from the* vibrating parts and settle 
down along nodal lin§S ^.vhere the plate is permanently at 
rest. Fig. 69 (ii) shows the nodal litfes when the middle point 

Fig. 69. 



* i ii* iii 

Fig. 70. 

of one of the edges is damped and the bow is drawn across 
the edge at one of the corners. Fig 69 (i) shows the form 
when the plate is damped at one corner and bowed in the 
middle of an edge. Various types of such figures were 
obtained by Chladni experimentally and are* known as 

Chladni's Figures. • 

• 

. Wheatstone's analysis —To explain the formation of the 
nodaMines Wheatstone regards the plate to be made up of 
a set of rods parallel to one side, AB (fig. 71 i) with another 
set of rods parrallel to AD superposed on the first set. 

During the course of transverse vibrations of the plate 

portions of the plate move up and down the plane of the 
plate. The upward motions may be represented with a + 
sign and the downward motions with a — ^ign. The rods 
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parallel to AB may be assuftied to vibrate with nodes of all of 

them jlong NN* and N X N\ (Fig? 71 i) and those parallel 

ig. 7 i- 
• . » 

1 U 111 



i • ii iii 

Fig. 72. 

to AD with their nodes along NN* and N X N'^ (Fig. 71 ii ) 
If the two sets of rods vibrate simultaneously then their 
resultant motion at any point would give the motion of the 
plate at that point. Let us now see what happens when 
the centraV portions of the two sets of rods are in opposite 
phase. The result is shown in fig. 71 iii. In the shaded 
portions the effects are added and in the unshaded portions 
the effects are neutralised. The nodal lines in this case are 
the diagonals represented by the dotted lines. Whl*n the 
central portions of the two sets are in the same phase the 
nodal line is given by the dotted line in fig. 72 iii. The reason 
why the nodal line obtained experimetally, shown in fig, 69 iii. 
is a little inwards from the edge, is due to the fact that 
the amplitude of motion of a rod is not the same all along 
its length but Starting from a maximum at the ends decreases 
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gradually towards the centre. his figure is obtained when 
the plate is free at the %ei^tre and is supported at a* point 
on the nodal line.- As in the caft of a tuning fork the 
overtones are not harmonics of the fundamental. The 
vibration frequencies of plates of the same material and shape, 
vibrating so as fo give the same type of nodal lines, are 
found to be directly proportional to the thickness and inversely 
proportional to the area of the plates 

94. Circular plates. A disc like a square plate on 
being damped an;l excited differently gives out notes of 
different pitch. Fig. 70 (i) shows the radial nodal lmes when, 
the disc fixed^af the centre horizontally ®n a vertical stand, 
is touched by the finger nail at a certain point on the edge 
and is bowed across the edge at a point 45° from the 
damped point. ’ Since a nodal line seperates two parts of the 
plate vibrating in opposite phase, there are always an even 
number of radial nodal lines in such cases. When the disc is 
free at the centre, nodal lines in the form of circles and other 
curves are obtained by damping and exciting the plate in 
various ways. Fig. 7# (iii) correspo®ds to the cas£ when the 
disc is clamped on points on a concentric circular fiodal line 
and is bowed through an aperture in the centre. The vibra- 
tfon frequency of a plate, like that of a disc, is proportional 
to its thickness and inversely proportional to the its area i.e. 
the square of its radius. 

95 Bells. We have seen how a rod bent in the 
middle is converted into a tuning fork. Similarly a bell 
may be regarded to be a circular plate bent so as to form a 
concave surface. When a bell is set into vftyration by being 
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bowed or struck, it divides* itself into an even number of 



vibrating^ ^sectors separated by 
• nodal lines, the portions of the 
bell on opposite sides of a nodal 
line vibrating in opposite phase. 
The vibrations ate both radial 
and tangential. # At the nodal 
lines the radial motion is zero 
and the Jangentifil motion is 


Fig. 73. .maximum. As shown in fig 73 

• when the rim on *one side of a node 


is outside the mean position, the rim on^the other side is^ 
inside the mean position, and thus half of the sectors dialates, 
and the other half contracts^ along the radius. To allow for 
the radial change in length between adjacent nodes a motion 
of the rim takes place in its own plane, so that at some 
of th* nodes the material of the bell undergoes dialatation 
while at the others it undergoes compression. The overtones 
of the bell, like those of the fork and the disc, are not 
harmonics # of the fundamental, and the frequency of vibration 
of a bell like that of a dfsc, is proportional to its thickness 
and inversely proportional to the square of its radius. t 

96. Electric transmission of sound. Telephone, 
This is an instrument devised by Graham Bfcll for 
transmitting articulate speech electrically from one place to 
another. As shown in section in fig. 74 it consists 
of a steel cylindrical magnet round one pole of 

which is fitted a fiat coil having a large number of 
of turns of fine insulated copper wire. The magnet 
with the coil j ,4 encased in wood, and the terminals of the 
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coil are connected to binding scfews BB. A diaphram of 
soft iron, thin as a lettei^oaper, is held close in front # of the 
magnet, by a mouthpiece jE , which* has a central aperture. 
By some screw arrangement the distance of S from the pole 

B 

B 

# Fifr 74 

of the magnet can be altered. The binding screws BB t of 
one instrument*are connected by wires with? those of another, 
and it is foynd that when an operator speaks near the mouth¬ 
piece of one instrument his speech is distinctly heard by 
another operator with his ear placed near the mouthpiece of 
the other instrument. m 

The diaphram S, gets magnetised by induction and in its 

turn reacts on the magnet, whose pole strength thus 

changes differently for different positions of S. Wiien sound 

waves impinge on S, and set it into vibration, its distance 

from the magnetic pole changes continuously, causing 

corresponding changes in the strength of the magnetic pole. 

The number of (magnetic) tubes of induction passing through 
a • 
the coil, which depends on the strength of the pole, thus 

changes, setting up a varying induced electromotive force 

dN 

•given by — ( rate of change of the number of tubes with 

tyne ). The current set up by the induced electromotive 
force passes the coil in the second telep&pie and thereby 
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changes the pole strength of the magnet in this instrument 
The force exerted by the magnetjp 4 pole on the diaphram 
changes, causing it to repeat the same movements as those 
of the diaphram in the first telephone. The waves set up 
by the vibrating diaphram thus reproduce the original speech. 
The resistance of the circuit weakens the* strength of the 
current, and the sound reproduced is considerably enfeebled 
on this account. 

97. Microphone. This is an instrument devised 
by Hughes for reproducing and magnifying sound electri¬ 
cally in a* telephone. As shown in fig. 75 it consists of a 



pencil C of gas carbon, pointed* 
at each end, resting lightly on 
two* supports A , B of the same 
kind of carbon. *A and B are 
held horizontally in a vertical 
wooden stand, and are connected 
to the terminals of a circuit in 


which a small battery and a telephone are included. Resis¬ 


tance of carbon changes vyith the pressure acting on it. Thus 


when sound waves falling on C, set it into motion, the 


pressure at the points of contact of A and B changes the 
resistance of the circuit. The current in the circuit accordingly 


changes, causing the disc of the telephone to vibrafe and 
reproduce the sound. The arrangement is so very sensitive and 
the magnification of sound so great that even the disturbance 
produced by a fly walking on the base of the instrument is, 
heard \dth surprising loudness at a considerable distance in 


the telephone. , 



$»APTE£ X. 

Interference—Beats—Doppler's effect— Effect of 
obstacles—Shadows, 

98. Superposition of two trains of waves. Inter¬ 
ference. 

• • 

It follows from the general law of superposition that 
when two trains of waves move through the satpe medium 
simultaneously, either in the same direction or in opposite 

• directions, th@ actual motion of each particle of the medium 
is the resultant of the motions due to each system 
separately! In the case of souftd waves if the condensations 
of one system coincide with the condensations of the other 
and the rarefactions with the rarefactions, their amplitudes 
are added, and the sound produced by such coincidence is 
louder than that due to either system separately. But 
when the condensations of one system coincide with the 
rarefactions of the •other, the resultant amplitude is the 
difference of the amplitudes of the two system! and there¬ 
fore the sounds mutually weaken each other. If the 

'amplitudes are equal and the waves agree in phase then the 
intensity of the resultant sound is four times the intensity 
of either, and when they are opposite in phase there is 
complete silence. This phenomenon of coalescence and 

* destruction of effect is called interference. 

Analytical treatment. Let the two systems of waves be 
represented by 
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y,=a sin 

%xid y t **b sin ( 6 -e*)- 

* 

The result of their superposition is given by 
y=y t + < y 2 saa sin (9-*i)+b sin (0-* a ) 


s=C sin (0 -E) 


where C 9 *««• + b *+a ab cos (e L - 


Art.,31. 


, „ a sin e t + b sin e u . 

andtanJE**- —7 -* Art.,31. • 

« cos e x -^b cos e% 

• 

C t the^ amplitude of fhe resultant waye varies between 
a + b and a—b according to the value of (e L ^-e i ) Thus 
in this case the resujt of the superposition ft a third wave 
of the same period and of amplitude depending on *the 


relative phase difference. * 

The interference of sound waves is demonstrated by 
usingihe instrument shown in section in fig 76. A vibrating 



Fig. 76 

tuning fork is held at the open end A of a tube which 
divides into two branches B and C and unites again and 
ends in a common tube D. The end ol the branch C slides 
over its remaining part so that sound waves can be caused 
to travel different distances through the two branches. If 
the paths through B and Care equal, the waves on coming 
out of agree Is phase and strengthen each other, and a 
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sensitive flame placed near D fltres. If the sliding portion 
of C is pulled out ghi^ually till the two paths differ by 
X/*» so that the .waves on emergence oppose in phase, 
there is complete silence and the flame remains unaffected 
now. The flaring of the flame will be maximum when the 
path difference Is any even multiple of X/a» and therefore 
the waves agree ip phase, and there will be no eflect when 
the path difference is any odd multiple of X/*, and therefore 
the waves are*opposita in phase. • 

.|v, ^ ’ ; • 

■ • 

99 Superposition of two trains of waves of 
nearly the same frequency. Beats. 

• # • 

When two*sounds of nearly the same stifle frequency are 

produced together and their ,waves reach the ear simulta¬ 
neously, we doinot generally distinguish them, but perceive 
a single note having a periodic waxing and waning in 
intensity called beats. The periodic changes ifi the 
intensity are due to the fact that at certain equal intervals 
the waves agree in phase and strengthen each other and 
half ways between they are opposite in phase and weaken 
each other. The waves in combination, therejpre, give a 
series *of points of alternately maximum and minimum 
.intensity which advance with the velocity of sound and are 
perceived as beats. For example if the waves are of fre- 
quencies 300 and 204 and wave lengths X and X' respec¬ 
tively, then we have aooX«ao4X' or 50\**5iX'. Thus if 
# the waves agree in phase at a certain point, they will again 
do so at intervals of 50X or 51V and halfways betwgen they 
will oppose. Since the time taken by sound to move 
through 50X or 51V is 4 % or or \ seta the number of 
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beats per second is four, that is the difference of the frequencies 
of the pi imary waves . 

Analytical treatment. 

Let two trains of waves of the same amplitude a , and 
frequencies n l and « t be represented by equations (i) and 

<ii). 


y L —a sin zitnf .(i) 

j'issa sin 2ir» t /..Jli) 

The result of their superposition is given J>y 

< ywy l + < y|5=« sin 2TtnJ + a sin zim^t 

__+ »*t 

m 30 COS-Sin- 

2 2 

This may be taken to represent a periodic vibration of 

amplitude aacos——--and frequency midway 

between the frequencies of the two trains. The amplitude 
varies from ta through o to —aa. Since the intensity is pro* 
tionnal to Jhe square of the amplitude, the interval between 


successive maxima and zero values is 


*1— n % 


sec, and the 


frequency of the beats is n^n it which is the difference of the 
frequencies of the two waves ,. 



, Fig. 77 

Graphical representation . In fig. 77 the dotted lines 
represent two systems of waves of frequencies $ and 10 

c 
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respectively, and the thick line the*result of their superposition. 
The amplitude in the Itq^ltant curve, as shown in thg figure, 
alternately passes .through maximutn and minimum values, 
the maxima occuring when the component waves agree in 
phase, and the minima when they oppose. Let X and X* be 
the wave length?. Then in this case 9\e»io\'. Thus if the 
waves agree in phase at a certain point, they will again do so 
at intervals of 9X or 10X'. 

v/foo. Doppler’S effect. The apparent change in the pitch 
/'of a note with tlje motion of the Source, observer or medium 
is called the Doppler's effect and the principle which gives 
■ an explanation of this effect is called the Qoppler's principle . 

We have seen that the velocity of sound depends only 
on the elasticity and the density of the medium through 
which it propagates. It follows from this that the velocity 
of a sound wave relatively to the air, when once it is given 
out, is the same whether the source is at rest or in motion 
relatively to the earth. 

Source at rest Let the source be at rest giving out n 
waves per second in still air. Tht waves will advance with 
the velocity of sound V t and thus a length V having n waves 
.in it will pass an observer at rest in one second. 

Source in motion. If the source moves towards the 
observer, it will follow up the waves previously given out 
by it, and thus a greater number of waves wilt be crowded 
• in a given length of air than if the source had been at rest 
The number of waves in length V which will # pass the 
Observer at rest in one second being greater than n in this 
case, the apparent pitch as perceived b$*the observer is 
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higher. On the other hand if the source moves away from 
the observer the number of wa^p^in a given length of air 
is smaller and therefore tfie apparent pitches lower. 

Observer in motion. When the observer approaches 
the source y he picks up an extra number of^waves occupying 
the length moved through by him in addition to the waves 
he would have received had he been at resf. The apparent 
pitch is thus higher. On the other hand wh^p he recedes 
from the source he lo$es a number of waves occupying the 
the length through whicfi he moves andjbe apparent pitch 
is lower. 

The reasons underlying the changes in p^tch in the two* 
cases—>motion of the source and motion of the obser^r— 
are entirely different. Wherf the source is in motion the 
number of waves in a given length changes, that is, the 
wave Jength is altered. Whereas when the observer is in 
motion the wave length remains the same, but the observer 
either loses or gains a certain number of waves. 

Wind, # The effect of wind is simply to change the value 
of V relatively to the earth (velocity of sound relatively 
to the air). If w be the velocity of the wind relatively 
to the earth, then the sound waves advance with velocity. 
F+t0 when the wind blows with it, and its velocity is V - w 
when the wind blows in the opposite direction. 



v. ^ 

* 






« 


< 


A 
t * 


Fig. 78. 
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As shown in fig. 78 • 

Let velocity of ?^nd relatively to the air, 4 
w'st velocity of the wind relatively to the earth, 
i» x =velocity of the source relatively to the earth, 
and velocity of the observer relatively to the earth. 

Let the motions of the source, observer and the wind 
be from left td right as shown in the figure. The waves 
given out by the source at Si at a certain instant moves 
to Q v intone second,‘where S l Q l =l r +w. 

The source has given out n "waves and has itself moved 
to S % in one second. Thus n waves have been crowded 
in the length * 5 ,^- V+w—v t m f and the new wavelength 

therefore .*=-* 

n • 




Again the wave which reaches the observer at O lt at 
a certain instant moves to Q% in one second; where 
OlQ^V+w. The observer in the meantime has moved 
to 0 S , so that the length of the wave that has passed him 
in one seconds V+w-v ot The number of waves in this 

length =-;-V pitch of the sound 

® wavelength V+w—v, r • 

as perceived by the observer. 


If the motion of the source, observer or the wind be 
not in the direction from the source to the observer, then 
we have to take the components of their motion along this 
direction in the above calculation. 


C&se /. When v 0 =v t , that is, the source and the 
• observer are either at rest or have the same velocity in the 
same direction • • 
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Case II, When v t >v ai Chat is the source and the 
observer approach, n’>n. Similarlv^*when v 9 >v t that is 
the source and the observer,recede, tc<n. It is to be noted 
here that«' in this case depends on the velocities of the 
source and the observer and not simply on the rate of 
approach v, - v a . 

Case III, When v 0 and v t are very small compared 
with V +K>, * 


(V+w)-~ v 0 x v s —v* . .• 

(V+w)-vri + Vw> a PP rcx,matel y. a »d there¬ 
fore a motion of the source lias the same effect as an equal 
and opposite motion of the observer, but the reasons 
underlying the changes in pitch are different, in the two 
cases as considered above. 


Case IV, When v 0 and v t are not sm^ll compared 
with V t motion of the source does not produce the same 
effect a^an equal and opposite motion of the observer. 

V+w-v » 


We have ti'—n 


V+W—Vs 


Let wzs. o, then when z» 0 =o and z/,= V{$ 
Cbanging*the sign of v t we get * 






V 

V+Vd 



Again let w bo, then when v t *=o t and i/ 0 » Vfo 




Thus the frequencies are different in the two cases. 

Graphical representation. 

Case t, V>v, In fig. 79 let S x , S t , S t , S % etc. represent * 
the positions of a point source after equal intervals of time, 



INTERFERENCE I37 

that is, o, /, 2/ f 3/etc. in sill «dr. Draw circles of radii 
2 lV t F" with centra^,, S a , and 5 , respectively. ^ 



Since a wave, when once it is produced, moves with 
the same velocity whether the source is at rest or in motion, 
it follows (hat these circles are the limits to which the 
disturbance set up by the moving source at £|, S*, have 
advanced in the plane # of the paper at the instant, when the 
source just comes to and are therefore the sections of 
the wave fronts in the plane of the paper. In this case the 
wave front due to the disturbance produced at a certain 
instanl lies entirely outside all the wave fronts due to 
disturbances set up at all subsequent times, and as a result 
of this the waves crowd together in the direction of motion 
,of the source and thin away in the opposite direction. 

Case //. V<v t . In this case, as shown in fig. # 80 the 
vfeve fronts due to disturbances set up at subsequent times 
lie partly or wholly outside the wave froifts due to distur- 
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bances set up previously.* As explained in Art 58, the 
effective part of each wave in genjpfting the resultant wave 
front is confined to that part of it which torches the envelope. 
The tangent plane is thus a branch of the resultant 
wave front on one side of S L S 4 . A similar tangent plane 
on the other side of S L S 4 is another 9 branch of the 
resultant wave front. The elementary wavers strengthen one 
another along these tangent planes and interfere at other 
points. Thei two branches of the wave frodt are inclined 
at a constant angle 20?^here tf^angle which either wave 
front mak$s with 5 , 5 4 . • 



Fig. 80. 

Sinc^ 

and \tv x 

. A S t R 4 tV V 

4 tv s v s 

V being constant 0 decreases as v increases. By measur¬ 
ing 0 > v is found out from the known value of V, 

Dopper's effect is verified in a simple way in the labo¬ 
ratory by tightly fitting a whistle of high pitch into a stout 
rubber tubing, »Aie free end of which is placed either in the 
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mouth or fitted on the bellows. Hie whistle is blown steadily 
and whirled in a circlSi^To an observer at some distance 
away the pitch ofjhe note* given out by the whistle is found 
to rise and fall, the maximum changes in pitch taking place 
when the whistle is moving towards or away from the 
observer. • 


1. 


• Questions. 

An engine in cutting between two bridges, is whist¬ 
ling when its velocity is? 1/20 that of sound in aft. Compare 
the frequencies of the echoes from the two bridges to an 
observer between them. 

w and v 0 are zero in this case. 

Therefore frequency of the note heard # on drawing apart 
• V 20 


n~ 


V*¥ Vi a 1 

Frequency of the note on approach 
V 20 


ft. 


n 


V-v, 19 

ft a 21 

.*. =1*105 

/ * 1 19 . 

2. At what speed\nust two train# run so that the pitch of 

the whjstle of one as heard on the other majf change in 

the ratio 9 : 8 when they cross each other. Velocity of sound 

in air ts 1100 ft./sec. 

Let the velocity of the trains • 


V+v 


Frequency of the note on approach C!tft \ mn yr^ 


V-v 


Frequency of the note on drawing apart V+ v 

o* 9 1 *(V+v) 9 

Since we have n J 
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or %(V+v)***9(V~v) % 

Putting V** i ioo, we get 0*32 /l^/sec. 

r • _ *• 

3. The angle between the two branches of the wave of 
disturbance made by a bullet passing through air is 6o u . 
If the speed of the wave is 1100 ft. per second, what is the 
speed of the bullet ? 

Velocity of sound in air «iico ft./sec. 


Angle between the two branches of the wavef~20 = 60* 


. V 
.*. Sin*a — 

« Vs 


m 

sm 30° 


1 

2 


1100 

Vs 


c 


or Vs s 2200 ft./sec. 

101. Effect of obstacles. We have seen how to regard 
light and sound as wave motidns, But whereas after passing 
through a hole in a screen light is seen to propagate in straight 
lines, sound is seen to spread out in all directions. This 
rectilinear propogation or bending of the waves depends, 
as we shall presently see, on their wave lengths. 

In fig. 81 MM is the trace 
of a plane^ wave front of light 
at right angles to the plane of 
the paper and P a point in front 
of it. Each of the ether parti¬ 
cles in MM* becomes a centre 
of disturbance. To consider the 
combined effect of the wavelets 
from all jthe particles at the point 
P y draw PA perpendicular to 
mf\ and 1 e**PA=r, With 


M 



Fig. 81 



INTERFERENCE 


14 * 

centre P and radii equal to r%\/2, r+2\lt, r+ftfa etc. 
describle a series of cities cutting MM* at B t C, dP, etc. 
forming half-period* zones, • Join £*P t CP , DP etc. Now 
BP— APst\j2 ; therefore, the waves from A and -5 reach 
P in opposite phases and destroy each other’s effect. In 
the same mannelr the waves from B and C interfere at 
P , and for the satire reason waves from all the particles between 
A and B interfere with the waves from all the particles 

between B an<! C. • • 

• • 

The effect produced at P by*the wavelets from all the 
particles in a zone may be assumed to depend on (i)*the area 

ef the zone, which gives the number of ether particles 

• • 

whicb send out wavelets to P t (ii) the distance of the zone 
from P arfd (iii) the inclination of MM to the line joining 
P to the zone. • 


(i) Area of the zones. 

We have AB*~P£ % — AP *s (r+\/i) % -r* 


sar 8 + rX +-r 2 s=r\, neglectingX 1 , X being very small. 

4 

similarly AC*=z | r+ — r % =ir\ 

AD*= ^ r + ^^*-r J =3r'X and soon 

Thus the area of the circle AB=sirr\ 

the area of the zone £C~2Trr\—Ttr\**Trr\ 


Similarly the area of the zone CD ynr\-2Trr\**rr\ 

«nd so on. 

Hence we find that the area of all the zones is thq, same. 
* (ii ) and (iii) Distance and inclination of tje zones. 

The radius of the ath. zon e—nr\, * ® 
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Taking r= 100 cm. arid the wave length of the line 
of so 4 ium »6 x io" B cm. the va^.s of AB, AC, AD etc. 
radii of the consecutive rimes starting fronvthe first are found 
on calculation to be *077, *109, *134, *154, cm. etc. respectively 
and their widths *032, *025, *020, *019 cm. respectively. 
The width of the tenth zone is. ‘014 cm. Thus we find that 
starting from the pole A the width of tt\p zones falls off at 
first very quickly and then more slowly, and in the case 
under consideration, after a distance«of aboift 2 millimeters 
the zones become so very narrow that the distance of two 
adjacent <zones from P and their inclination with the line 
joining them to P become practically the same, and 
the wavelets from them reach P in opposite phases, and 
therefore, their effects at P become equal and opposite. 
This means that if an obstacle placed at A is large enough 
to cut off the first few half period zones, the wavelets from 
the remaining zones with just cancel each other and no light 
will be perceived at P, in other words, the obstacle will cast 
a sharp shadow at P. 

102 . bifference between properties of light and 
sound wsfres. Shadows. As shown in the preceeding arti¬ 
cle if we take the wave length of the D line of sodium to be 
6x io" 1 cm. and if we suppose that MM' is 100 cm. from the 
eye, then the radius of the tenth half period zone is equal to 
yf * o6«*i cm. On the other hand in the case of sound if we 
take the wave length of the middle C tone of a pianoforte 
to be 120 cm. and if we suppose that MAP is 100 cm from 
the ear,*then the radius of the tenth half period zone is 
equal to toy <oox 120, which is approximately equal to 



INTERFERENCE 


*43 

300 cm. This means that in tlft case of light an obstacle 
only 1 mm. in diameter ^equivalent to the screening action, 
in the case of sound, of an obstacle about 3 meters 
in diameter. The reason, therefore, why in the case of 
sound waves 'shadows 1 are so seldom formed is that the wave 

t 

length of the disturbance is too great compared to the size 
of the obstacle. % 

When, however, the pitch of the sound is very high 
and therefore its wav£ length small, jhe screening effect of a 
comparatively small obstacle can easily demonstrated. 
Thus in the case of the shrill whistle of a locomotive 
engine the shadow cast by a small pud held a few 
centimeters away from the ear is distinctly noticable. 

X03. Transmission of sound through apertures. 



Fig 82. Fig 83 


In fig, 8a, AB represents a screen, of some giaterial 
which does not transmit sound and 0 is \ hole in it. CD 
represents a train of spherical waves consisting of alternate 
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compressions and rarefactions from a source to the left of 
AB . oAs a compression reaches ty&toole, the air in the hole 
is compressed and movds to the right, and if the wave length, 
of the waves is longer than the diameter of the hole, the 
state of compression spreads spherically in every direction 
to the right of the screen, the phenomenoh being similar to 
the effect of a pulse reaching the open and of a tube consi¬ 
dered in art. 64. In the figure the thick and the thin lines 
represent tlfe wave fronts of the maximum compression 
and maximum rarefaction In this case the sound is audible at 
any point to the right of the screen. But when the wave 
length is smaller than the diameter of the hole, as shown 
in fig. 83 the waves after passing the hole hardly spreads at 
all but advances at right angles to the wave front. 



* CHAPTER XI. 

Frequency And Velocity • 

104. Experimental determination of frequency. 

Direct and indirect methods . The frequency or the number 
of vibrations per second of a source emitting a n'ote of definite 
pitch nifty be determined directly by some mechanical or 
graphical methods. But when it can not be directly measured 
then the note given out by a second source, whose frequency 
of vibration c&n be adjusted and determined, is brought in 
unison with the given note. t When in unison both notes 
have .the same frequency, and therefore, the frequency of one 
being known that of the other is known also. The comparison 
of frequency in such cases is conveniently made by means of 
beats . The frequency of the second note is adjusted till beats 
are distinctly heard, which enable us without exact perception 
of pitch to bring the two ‘notes near each other, and to 
determine their relation Let n \ie the frequency of the 
second note and a the frequency of the beats. Then the 
frequency to be determined = nxa. The circumstances 
unde? which the experiment is made decide whether a is 
positive or negative. 

105. Savart’s wheel. It consists of a toothed wheel 
. with equidistant saw teeth, so mounted on an axis passing 

through its centre, that it can be rotated rapidly. An 
indicator attached to the side of the instalment gives the 

* 0 

number of revolutions of the wheel in a given time. A card 
• • 

10 
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or a thin metal plate is heldragainst the teeth so that while 
the wheel rotates the card is lifted up and sends out a wave 
each time a tooth passes jt # and the succession of waves thus 
produced gives a musical note whose pitch increases with the 
speed of rotation. To determine the frequency of a given 
note the speed of rotation is adjusted till tl\e note given out 
by the instrument is in unison with the given note. When in 
unison both notes have the same frequency. 

Let «=number of teeth on the wheel, * 

mb number of revolutions of the wheel per .second. 

Then.the required frequency *=ttm. . 



• * Fig. ’84. 

zo6 Seebeck’s cardboard siren. It consists of a 
circular plate of cardboard pierced with concentric circular 
rows of equidistant holes, mounted like Savart’s, wheel, so 
that it caA be rotated rapidly. The speed of revolution is 
determined similarly with the help of an indicator attached 
to the side of the instrument. A stream of air is directed 
through a nozzle against one of the circles of holes. As the 
plate rotates sufficiently rapidly air comes out of the holes 
in succession off puffs and produces a musical note whose 
pitch ry^s with the speed of revolution. 
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Let * «number of holes in th$ circle, 

w* number of revolutions of the plate per second, 

r • 

Then tjie required frequency « tun. 


In fig. 84 Savart’s wheels lV t and Seebeck’s cardboard 
siren P y are shown together fitted on the same spindle # and 
geared so as to* be rotated at any required speed. C is a 
thin metal strip,pressed against the teeth of one of the 
wheels. N is a nozzle through which a jet of air is directed 
to any ring of holes o« the cardboard siren. # 

The spindle i$ # rotated rapidly* by a belt gearing it with 
a large wheel, which is turned by band. The forge wheel 

• is not shown in the figure. 

• • 

*107. Latour's siren. Seebeck’s siren was greatly 
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improved by Cagniard-Latour and 
Helmholtz. The improved type 
consists of a nearly cylindrical wind 
box A . the top of which is pierced 
with a circular row of equidistant 
holes? Another disc wjth similar 
circle of holes and provided with a 
vertical spindle is pivoted so that it 
rotates freely about the spindle just 
clearing the upper surface cf the wind- 
box. The holes are not perpendi¬ 


cular to' the plates but are inclined in opposite directions 


as shown in fig. 85. A side tube is attacthed below to intro¬ 


duce air in the box, and the rotation of the disc is effected 
yhen air in escaping through the holes impinge on the sides 
of the holes in the upper disc and set* 4t-inio-~*otaiion. 
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During rotation the holes are alternately closed and 
opene^ and the air escapes insuccessjye puffs whose frequency 
depends on the speed of rotation. The upper part of 
the vertical spindle is an endless screw, so that as it rotates 
it drives a toothed wheel which in its turn drives another 
toothed wheel. Two needles attached to the axes of these 
wheels move round dials and record the speed of rotation 
of the disc. 

To find the frequency of a given taote fix the siren on 
the bellows, and regulate' the pressure of wind till the note 
emitted by the siren is in unison with the given note. Manage 
to keep the pressure constant for a short time and record 
the readings of the needles at the beginning and end of a 
known interval of time. *• 

Let #=snumber of holes on the disc, 

< m ^number of revolutions of the disc in time £ 

Then the required frequency 

I 

f « i 

X08. {Stroboscopic disc. The stroboscope consists of 
a disc, mounted as in the case of Seebeck’s siren, so that it 
can be rapidly rotated and its speed of rotation recorded 
by an indicator. The disc is pierced with a circle of. equi¬ 
distant holes ot rather radial slits at equal intervals. The 
vibrating body, the frequency of which is to be determined, is 
held near the apertures on one side of the disc, and a bright 
point fj,xed on it is s< 2 en through the slits from the other side 
As the disc gradually slackens from very high speed the 
bright point fe'generally seen as a line of light, and then 
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when the speed being reduced lies within certain limits, it 
appears as a number of Vaparate points. When the frequency 
of the slifs is slightly gfeater tlian that of the vibrating 
body a single moving point is seen, which appears stationary 
when the frequencies are equal, The reason why the ppint 
appears stationary is that at regular intervals of T % the 
time period of th$ vibrating body, it will be passing the same 
position, and if in this period a slit, moves on and occupies 
the space occupied by the proceeding slit, th%n the point 
will be seen in the same position and owing to persistence 
of vision it will appear stationary. But it will also appear 

• stationary when its frequency is two times, three times etc. 
of tjiat of the ‘slits. To get the correct result, therefore, the 
speed of rotation of the disc should be the highest at which 
the point appears stationary. 

Let /»=number of revolutions of the disc per secotyl. 
rtsnumber of holes or slits. 

Then the frequency of the vibrating body-ww. 

109 Rotating'drum— Grapfiic method. A hollow 
cylinder is so mounted that it can be turned mechanically 
Jby a handle fixed to its axis, part of which is a screw working 
in a’nut, so that as the cylinder rotates it also moves 
endwise. Smoked paper is gummed round the cylinder, 
and a tuning fork is firmly clamped so that it may vibrate 

• parallel to the axis of the cylinder, and a light style attached 
to one of its prongs may just touchy the smoked paper. 
When the handle 19 turned and the fork is excited a 
wavy line is traced on the smoked paper.® %To measure the 

• frequency by this apparatus the tuning fork is insulated and 
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connected to one terminal of the secondary of an induction 
coil, the other end of which is connected^ to th$ cylinder. 



Fig. 86. 

The pendulum of a (seconds) clock having a fine platinum 

end is caused to touch a drop of mercury, placed in a paraffin 

block, as it passes its lowest point, and is placed in the 

primary of ^an induction coil to. make and break the current 

once in a second. Each lime the circuit* is broken a spark 

passes from^he style to the cylinder and marks the .paper 

on the wavy line, and the number of waves between two^ 

successive marks gives the frequency of the fork. ' 

( 

zxo. Electrical maintenance of vibration of a 
fork. An electromagnet is placed between the prongs of 
a tuning fork as shown in fig. 87, A current from one or 
two storage cells passes through the electiomagnet and is 
interrupted by th$ vibrations of the fork itself. A platinum* 
wire attached to Vne of the prongs just touches an adjust- 

1 * 1 

able screw held on the frame wor^and completes the circuit 
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when the prongs are at rest. But as soon as the circuit is 
completed ^the prongs ate attracted inwards by the^lectro- 
magnet and the current is broken. The elclromagnet now 
ceases to attract the prongs, which now being released 
spring outwards ^and set up the current. The current is 
thus automatically made and broken. The interruption of 
the current may also be affected by a platinum wire attached 
to one of th| prongs dipping into a mercury cup, which 
would complete the Circuit when ^he prongs are at rest 



Fig. 87. 

and would break the circuit when the prongs are attracted 
inwards. The electromagnrt does work on the # fork while 
the prongs are attracted, and the* fork does work on the 
electromagnet while the prongs move outwards. If these 
• quantities of work were equal, then on the whole no 
energy would be drawn from the battery and the vibra¬ 
tions would die away. But owing to (1) irregular contact 
and (2) self induction of the coils of the electromagnet, the 
work done by the battery is greater than the work done 
by the fork, and it is this extra # work done by the 
.battery that supplies the energy of sound radiateS by the 
vibrating fork and also the energy (bit by dissipation 
* against friction. 
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zzi. Sonometer or A^onochord. In Art 77 it has 
been shojyn that the frequency of the/note given out by a 
string of length / and stretched ' by a tension 'T % while 
sounding its fundamental tone is given by 



T~ W x g ; where W is the weight q^tached to the 
end of the string and g is the acceleration due 
to«gravity. « 

memass of the string per unit length*. 

s*7T r*p ( rss radius of the strfng and P the 
density of its material.) 

By measuring l,*T and tn the value of /• is directly 
found out. The friction of the pulley changes .to some 
extent the tension due to the weights when the sonometer 
is in the horizontal position. This difficulty is avoided by 
suspending the sonometer in a vertical position. 

To find the frequency of a given note adjust the length 
of the vibrating string by the movable bridge until the 
sound given put by the string is •'in unison with the given 
note. It is not easy to effect exact unison with untrained 

o 

ear, specially when the notes are of high pitch, since in 
such cases some of the harmonics of the fundamental may 
be mistaken for notes of the same pitch. The position oT 
unison should, therefore, be adjusted both by increasing 
the length of the wire and decreasing it by the movable 
bridge, and when in unison, it should be examined that on 
increasing the length the note is perceptibly higher in 
pitch and on decreasing the length it is perceptibly lower. 

TUning effected, 'by beats* Unless two notes are very 
loud and of very high pitch, beajs are generally heard 
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when they are nearly of the same frequency. Vary the 
length of the string till 'beats are distinctly heard, specially 
when the sound is dying out*, and ttten carefully adjust tlfe 
position of the bridge till the beats vanish. This position 
should be found out by moving the bridge from either 
side of the correcf point. 

Tuning effected% by resonance. If it is possible to hold 
the vibrating body on the board of the sonometer the 
string will be thrown idto energetic vibrations by resonance, 

when it is in tune with the vibrating*body. 

If, therefore, it is found difficult to effect unison with 

fhe ear, then adjust the length of the styng till the beats 

just vanish. Mount a light paper rider at the middle of 

the string and hold the vibrating body on the board. If 

the string be in "tune with the vibrating body, then it will 

begin to vibrate energetically and will throw off the rider. 

* 

112 Resonance. Take a tall cylindrical glass jar nearly 
full of water and a tube of glass or some 
metal of about the same length and about one 
inch*in diameter. Introduce the tube into 
the jar and support it vertically in* a clamp. 
Hold the vibrating body near the open end 
of the tube and raise the tube gradually 
till there is maximum resonance. * Measure 
the length of the tube above the water 
surface. Next raise the tube still further 
till a second position of resonance is found. 
In this case the sound is* weaker in fhtensity 
than in the first case. As sfigwn in Art. 66 
when the tube sounds its fundamental 
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tone, its length / is given by 

When the tube sounds its first overtone, its length /' is 

given by l'ss~. 

* 4 

As explained in Art. 64 the first loop is not formed 
exactly at the open end but a little outsidl. This distance 
is found by experiment and calculation to be about l of the 
diameter of the tube. Correcting for this we get t 

/tV=V 4 .(i) 

r+- 3 d= 3X .(ii) 

• 4 

where d is the diameter of the tube. 

But velocity of sound in air inside the tube. 

wca V _ % V 

\ 41/+-3 d) W+'l d ) 

We may eliminate '$d however by taking the difference 
of (ii) and (i) 

r V 

.’. «« — y, -r 

a;/ -/) 

The air column inside the tube may be taken to be 
saturated and at the temperature of water in the jar. V 
should therefore be taken to be the velocity of sound in 
saturated air at this temperature. 

Experimental determination of the velocity of 
sound. * 

1 

ixV Velocity of sound in air. Direct method . 
Sound* tftlfes time to travel from one point to another. The ( 
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thunder is only heard an appreciable time after the lightning 
flash is seen ; the flash of a gun Js always seen & shojt 
lime before the report is heard. The time which elapses 
between seeing the flash and hearing the report is the 
difference of th^ times taken by light and sound to iratel 
from the source to the observer. But the velocity of light 
is about i86,oco \niles per second, and therefore the time 
taken by light travel over a few miles is injnitely small, 
and thus tjie interval between the instant the flash is seen 
arid the instant th<j report is heartf is practically the time 
taken by sound to travel from the source to the observer. 
*l'o determine tjie velocity of sound directly, a gun is ftred at 
a station and the report is heard a few miles apart at another 
station. By carefully nieasuring*the time taken by sound to 
move from the first station to the second, and knowing the 
distance between the stations, velocity of sound in air is 
directly calculated. 

Let d** distance between the stations, 

/—time taken by sound to travel # from one 
station to the other. 

* d 

. Then V ~velocity of sound in aire 

But this result is subject to the following source of error. 

(i) Inaccurate measurement of t. 

(ii) Temperature variation in the medium. 

(iii) Hygrometric state of the air. 

(iv) Wind. * * 

(i) The observer does not perceive ei filter the flash or 
the report exactly at the moment when the light ailfi sound 
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reach him. The process of perception requires an apprecia¬ 
ble time in each case, which is different for sight and 
hearing. Besides the observer does not record time exactly 
at the moment when he becomes aware of the flash and 
th$ report, and the interval between the instant the distur¬ 
bance is perceived and the instant when it is recorded may 
be different in the case of light and sourd. Preception of 
sound again varies most probaby with the same observer, 

• r> 'I 

depending, among other factors, on the intensity of sound, 

'» i 

loud sounds being perceived more quickly than faint ones 

« 

These difficulties may be avoided by dispensing with 
the observer altogether and recording time mechanically 
by some electrical arrangement. The instant of firing is 
recorded on the rotating druid of a chronograph by causing 

o 

the bullet to cut a wire and thus break an electric current. 
At the receiving station the sound waves enter a wide 
cone closed at the further end by a diaphram. The waves 
strike the diaphram and thus drive it forward and break 
the electric current, the record being made on a rotating 
drum as before. 

(ii) The temperature of air may not be the same all 
over between the two stations. The effect of rise in 
temperature is to increase the velocity given by ' 

Vt « VosJ | +</ 

-r.( i + (i +ooi8j) 

The error due to this is reduced to a minimum by 
observing temperature at a number of points between the 
stations 'and taking the mean value.. 
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It is to be noted in this connection that if air is heated 
in a closed vessel so that it can not expand, then its density 
remains th^ same but the elasticity increases. Air* heated 
in this manner transmits sound more rapidly than at lower 
temperatures. If however air when heated is allowed to 
expand freely, .its pressure and therefore the elasticity 
remain the same but the density becomes less and so it 
transmits sound tbore rapidly than when it is cooler. 

(iii) Moisture, ^s previously considered aqueous vapour 
is lighter* than air, and X for aqueous vapour is 1 ‘31 whereas 
tfiat of air is 1*41.* 

. As shown in Art 47. 

J/elocity in dry air at 760 and and t % d 

= VJt-% Vmt 4 / T 

(\s) Sound is transmitted more effectively wlyjn it 
travels with the wind and is retarded when travelling in 
the opposite direction. This effect is eliminated by the 
method of reciprocal observations. Guns are fired at both 
stations simultaneously and the iriStant the sound reaches 
each elation from the other is recorded. The mean of the 
.times taken by sound to travel in opposite directions from 
one Station to the other gives the correct time. 

From the beginning of the eighteenth century the 
velocity bf sound has been determined by the direct 
method by many observers. In 1708 Derham first noticed 
the effect of the wind. But he mad # e no record of the 
temperature and the hygrometric state of the air, and the 
result of his experiment gave the velocity of air as 
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1142 ft /sec. In 1822 £rago and a number of French 
observers repeated the experiment at two stations at a 
distance of 18612'5 metres apart. The effect of the wind 

t ® f £ 

was eliminated by the method of reciprocal observations 
and the temperature was recorded at a number of points 
between the stations. They obtained for the velocity in 
dry air at o *C V 0 «* 331 1 m/sec. 

1 

One of the most accurate measurements was made by 
Moll and Yon Beach in 1823. Their valise corrected for 
temperature and hygrometric state is 1092 7 ft/sec. 

In the years 1862—66 Regnault devised the method 
of recording time electrically on the rotating drum of r 
chronograph, an 3 performed a series of experiments and 
he gave, as the final result of his experiment, 330*6 m/sec. 
as the velocity of sound in air. In 1891 Mt. Stone of Cape 
Town Observatory made a series of very careful deter¬ 
minations and the final value obtained by him in dry air 
at o°C was 1092 6 ft/sec. 

The velocity of sound in dry air and at o *C may thus be 
taken to be 1090 ft/sec or 332 m/sec. 

« _ 

Vt M Vo 1 + **== Vo (l +*00183/) 

This amounts to an increase of nearly 2ft . or 61 cm per 
degree centigrade rise in temperature . 

114 Resonance method The experiments procedure 
is the same as in Art 112. The length between two conse¬ 
cutive nodes being found out and the frequency of vibration 
of the tuning fork being known, the velocity of sound , is 
obtained from file relation given by 2«/« V 
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Where/** is the length between two consecutive nodes, 
«asfrequency of the tuning fork, 

Ef=velogty of »sound *n saturated air at fhe 
temperature of water in the vessel, the air column above 
the water surface inside the tube being assumed to be prac¬ 
tically saturated* This result corrected for temperature and 
the hygrometric state, as explained in the previous article, 
will give the velocity of sound in dry air at o*G\ The 
correction foi» the diameter should be made if necessary as 
explained previously. * • 

115 Laboratory method. Method of echoes, 

• Take a metronome which beats loudly and adjust the length 
of penduluni so that it vibrates slowly. Move it away 
from a reflecting surface, wall jor example, until a position 
is found where the echo of one beat coincides with the 
sound of another beat heard directly. 

Let </=distence of the wall from the metronome, 
/=sinterval between two beats, 


V~ velocity of sound in aft at the time of the experiment, 

2 d • 

Then /= y. «time taken by the sound to move from the 

metronome to the wall and then back to the metronome. 

„ 2d 


\j tl6. Velocity of sound in water. This may be 
determined by the direct method as«in the case of air. In 
1826 Collodin and Sturm performed an«experiment in the 
lake of Geneva. Two boats were moored *St a distance of 
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about 8 miles apart The source was a large bell suspended 
from one boat inside water about one metre below the surface. 
The hammer striking the bell was worked by a lever so 
arranged that the moment it touched the bell it ignited 
some gunpowder. The receiver was a large horn-sbaped 
triSmpet about 3 metres long, the larger *end of which was 
closed by an india rubber membrane.and dipped into the 
water, and the other end was applied to the ear of the 

observer T* ie observer recorded time the instant he heard 

the report. The value obtained was 1835 meters/sec. 

at 8 i°C 

4 

Threlfall and Adair made a series of careful measurements 
in sea water and' found that the velocity increased to .some 
extent with the intensity of the explosion. By using 9 oz 
guncotton the velocity was found to be 1742 meters/sec 
at 1 yUPC, while by using 18 oz the value rose to 1942 
meters/sec at 18'2°C. 

117. Velocity of sound in solids. Direct method. 
The velocity of sound was determined by Biot and Martin, 
who took & cast iron tube about 951 meters long for this 
purpose. One end of the tube was struck with a hammer 
and an observer at the other end heard two sounds distinctly, 
the first transmitted by the metal and the second by the 
air. The interval between the two sounds was 2*5 seconds. 

Let Vi « velocity of sound in cast iron 

V a ** velocity of sound in air at the time of observation. 


* . rru_95«»0O 95IOO_ 

Then—j^-Jy-- 1 * 

From which it &*easily found that Vi is about ten times V a ■. 
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The result obtained from Biot’s experiment is not very 
accurate since the interval between the sounds vfes only 
2‘5 second's and* therefore too small to be determined 
accurately. Besides the tube was not a continuous mass of 
iron but formed a series of tubes joined together by lead. • 

JtI7- Velocity of sound in solids and gases. 
Kund’s dust tube experiment. 


For this purpose a perfectly dry glass tube* about 5 ft. 
in leng^i and 2 inches in diameter, is held horizontally 
iit a framework. ,One end of the tube is clotyd by a 
moveable piston or tight fitting cork/ A rod of glass or 
’some metal ,of about the same length but 1/2 inch in 


« 



Fig, 89 • 

diameter is fitted with a disc of cardboard or ebonite^just 
smaller in diameter than the tube; it is clamped firmly 
at its middle B horizontally, Sb that the disc end C projects 
into the tube some way up, and the axes of tjje tube and 
the rod are in line. A little dry lycopodium powder 
pr corkdust is introduced inside the tube and strewn 
alongf its length in a fine line. On drawing a piece of cloth 
moistened with alcohol along the outer half of the rod, 
if it is made of glass, (resined leather if the rod is made 
of some metal), it is thrown into longitudinal stationary 
'undulation, giving out its fundamental^with a node # at the 
middle and antinodes at the ends. The tube is now 
shifted laterally through a small extenff «say 1 cm., at 
•a time, until # the dust ipside the tube begins td move 


it 
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-when the rod squeaks. The position of the tube is now 
carefully adjusted so that exact resonance takes place 
and a clear loud note rings out. The dilst inside the tube 
is blown at the antinodes and settles down at the nodes; 
where there is no motion. The velocity of sound in the 
rod being much greater than in air, many nodes may 
be formed in the tube, the first being at the closed 
end of the tube and the last near the disc. The disc 
transfers its energy of motion to the air in front of it and 

C 

thus sets up longitudinal waves which advance through the 
tube and get reflected at its closed end. r f!'he direct and the 
reflected systems travelling in opposite directions set up 
stationary waves inside the tube. The longitudinal move¬ 
ments of the rod are small, hut the amplitude of. vibration in 
the air soon far exceeds that of the rod, and therefore the 
motion of the disc corresponds to that of a point much nearer 
a node than an antinode. The disc end therefore though an 
antinode for the rod, is practically a node for the air. 

Let Vr »velocity of sound in the rod, 

uKd savelocity of sound in air at the time of observa- 
. ° » 

*. tion, 

Xr sawave length of the note given out by the rod 
in the rod, 

X® nwave length of the same note in air, * 

«=frequency of vibration of the rod, 

/^length of the rod, 

rfsalength of the internode in the tube i.e. the distance 

between two consecutive nodes. 

* * 

Then since V a *®»\a and V r «»\r 

t 
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Hence _!“«*! i> f _ *^ a _ rod __ 

V a a »d d length of the internode in the tube* 

If n b£ knowrPthen bdth V 9 and V f can be calculated 
from the above relations. The ratio of the velocities however 
is directly determined even when n is not known. By using 
rods of different* materials and filling the tube with different 
gases, the velocities of sound in them are easily found out* 
1x7. Temperature effect studied by Kund’s tube. 
For this purpose the tube is surrounded by another wide 
glass tutfe and a* current of steam is passed in the space 
between the two tubes. When the temper&tufe becomes 

• steady, the lengh of the internode in the tube is determined 
accurately. • 

We haVe wXjoo^^ioo and n\ c “ ^ 

• 00 X* no 

■ • - ■" ' 

Ft Xr 0 

_ length of the internode inside the tube at ioo°C 
""length of the internode inside the tube at / V C 
where Xioo® 1 ^ 6 lengthen air at ioo°C 

pa twice the length ofthe intemode inside the 
tube at ico^C * 

Xt ** wave length in air at f*C 

* « »twice the length of the internode inside the 

tube at * 

00 velocity °f sound in air at ioo°C 
V t - velocity of sound in air at /°C. 

• xx8. Ratio of the specific heats of a gas deter¬ 
mined by Kund’s tube* * * 


We have Vm 



• • 
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where Fsavelocity of sound in a gas at a certain 
temperature, 

c pmthe density of the gas at pressure P at the temperature 
of observation. 

P and P being known 7 is found out from the above 
relation. 

1x9. Velocity of sound in stretched strings. As 
shown in Art. 80 the velocity of propagation of a longitudi- 
nal wave along a stretched string is independent of the 
tension with which it is stretched and depends only on the 
the elasticity and density of its material. 

'"-VI 

where i£=the Young’s modulus of the material of the 
string, and P ■ its density. 

When both ends of the string are fixed, and it vibrates 
in its fundamental, there are two nodes at the fixed ends and 
a loop in the middle* In this case 

/-the length of tlip vibrating string»\/2 
r=swX=2»/. 

Take a wire of steel or copper and stretch it over two 
bridges a few feet apart. The sonometer may be conve¬ 
niently ifsed for this purpose. Draw a resined leather 
along the string towards its free end, and find out the 
frequency of the note emitted by comparison in the usual 
way, and measure the length of the string. Then n and / 
being determined Vis found out. 

^120. Determination of the Young’s modulus of 
the material of a rod or wire. 
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Proceed as in Art. 119 ami determine P, the density of 
the material of the string. 

We have seen that V=. a/-? or Em V' 9 * 4 n % l't 
then n, l an 4 P being known E is found out. 



CHAPTER XII. 

Musical Scale—Concord and Discord 
—Combination tones. 

I2i« Musical intervals. A combination of two or 
more notes is called a chord. When the chord is agreeable 
it is called a concord or consonance ; when disagreeable a 
discord or dissonatice. Two or more notes ’bough separately' 
musical, may not produce a pleasant sensation when sounded 
together ; they may thus form a discord. Again a series of 
discords following one another according to certain laws may 
produce pleasing effect, and ' thus lead up to a concord 
This distinction has been found to depend mainly on the 
relative frequencies or the ratio of the frequencies of the 
notes sounded. The ratio of the vibration frequency of a 
higher note to that of a lower note is called the interval 
between them. Thus if two notes have frequencies n L and n 9 
and if n l >n 9t then the interval between them is denoted by 
tijrtt, and noC by n l —n 9 . The aim of music has been to arrange 
emperically notes of various pitch so that their combination 
may produce pleasing effect on our ear. 

Thus it i& found that a note C of frequency n so closely 
resembles a note c of frequency 2« that in music they are 
called by the same name. The interval between C and c is 
called an octave ; C is an octave below c and c is an octave 
above €• <> Similarly notes c\ c° etc. having frequencies 2#, 3 n 
etc. are 2 octaves^ 3 octaves above C and so on. The most 
concordant interval is 2 : 1 ; next to this is the interval 3 : 3 ; 
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and the ne*t best is the interval 4*: 3, Again any three note* 
whose frequencies are as 4 : 5 : 6, when sounded together 
are concordant and form a harmony triad ; a harmoifSc tryid 
together with an octave to the lower, constitutes a major 
chord . The distinctive character of a chord is not changed 
when any one ,of the notes is replaced by its octaves. T 4 ms 
if four tones C t E, G and c form a chord, C t c % <?, g form the 
same chord. * 

Any thre^ notes whose frequencies are in the ratio of 10 : 
12:15 when sounded together are slightly discordant but not 
altogether disagreeable. Three such notes with the octave to 
the lower constitute a minor chord. 

122 Musical scale. A musical scale consists of a series 

• • 

of notes having certain relations to one another as regards 
their frequency of vibration. Between a note and its octave 
the human eafr can distinguish a number of notes of definite 
frequencies. The Gamut or the Diatonic scale consists of 
eight notes called by names, * 

do re mi fa sol la si do 1 

They are represented by ^ie letters 
C D E* F G* A ft C 

and their vibration frequencies are proportional to the 
numbers 

- % i t « i v * 

or, in whole numbers, to * 

24 • 27 30 32 36 40 45 48 

The intervals between successive notes a& given by 



• • 


i v 
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The scale is continued by taking the octaves of these 
notes c, d t e, f> jf, a f b t c and then octaves of these last c\ 

(\ c\ and so o®. 

do, the first note from which other notes of the scale are 
derived is called the key-note or the tonic of the scale. The 
key-hote may have any frequency. The interval | is called 
a second , fa third , $ a fourth , § a fifths £ a sixth and so on. 

The interval between do and mi is called 1 a major chord 
and that between la and do a minor chord. , 

From the above it wilhbe seen that there are threejcinds of 
intervals - 7 °- and J J. The interval f is called a major tone\ 
V a minor tone and if- a limma. The difference between the 
major tone and the n\mor fV or is called a 4 comma, and 
the defference between the minor tonejthe limma 7 *’•'if v ° r 
is called a {diesis, \ 

In addition to the notes already considered sometimes 
additional notes are used in music, which are obtained by 
raising or lowering the pitch of a note by a diesis or 
When a note is raised by a diesis it is said to be sharpened ; 
and when lowered by the same interval it is said to be 
flattened . * « « 

123. Musical temperament. In music it is not 
possible always to use the same scale having only a definite 
set of notes, but it is often necessary to use scales having 
differ rent key-notes. But it is practically impossible to arrange 
more than one key-note in instruments like the piano or the 
organ, in which the pitch of the various notes is fixed. Thus 
for example, if we want to construct a scale with e ' as the 
key-note, fhen we at once find that the notes of the old scale 
> do not fit into the new scale, because the interval between 1 
e and f in the old scale is x!> whereas the interval between 

1 1 
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the key-note and the next note above ought to be f. This 
difficulty can not be avoided even by using a more extended 
scale in which eacl^ note is sharpened and flattened, because 
the sharp of one note has not necessarily the same frequency 
as the flat of the note above. Thus in order that the same 
series of notes may be used for music written in different Iceys 
it is necessary to^so alter the relative frequencies of the 
various notesuthat the notes belonging to the scale in any key 
will exactly fiUnto the # scale with any other key. # This process 
of adjusting noteS' is called 'temperament and the adjusted 
sdale is called th ^tempered scale . 

There are different methods of temperament. The one 
generally used js the system of equal temperament ; so called 
because in this system the interval of the octave is kept 
unaltered and the errors are 'distributed equally over the 
remaining intervals. In this system the difference between 
the major and the minor tones is ignored and the limma is 
made just half of either. The interval between the key-note 
and its octave is divided into 5 tones and 2 semitones, a tone 
being * of an octave and a semitone \ of a tone i.e. T l fl of the 
octave. The interva^of a tone therefore is the sixth root of 2 
and that of a semitone the 12th root of 2 . Thus if*the interval 

m 

of the semitone or the tempered limma is represented by 
jc, then 

' * ia =2 • 

9 or x** 1*059. 

The relative frequencies of the notes on the natural 
•scale and the equally tempered scale are given below 

CD EF G • A B* C 
Natural scale • $ 

fooo 1125 1*250 i'333 1 5000 1667 1*835 2*000 
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Tempered scale * 

i'ooo i'i22 I’aOo 1*325 **498 1682 i*888 a'ooo 

‘124 Concord and ‘discord: We have seen in the 
previous article that when two notes are sounded together 
their combination is either consonant and is pleasing to our 
sensation, or is dissonant and is unpleasant to "us. This dis¬ 
tinction depends mainly on the ratio of the frequencies of the 
notes, that is, the interval between them ; it also depends on 
the absolute frequency and the harmonics present (when the 
sound is composite). It has also been seen jn this connection 
that intervals, unison (1 ; 1), octave (1 : 2*, octave and the 
fifth (1 : 3), double octave (1 : 4), fifth (2:3) and fourth 
(3 • 4) arc consonant. * 

1 

The major third (4 : 5>, the, major sixth (3 : 5 i together 
with the minor third (5 : 6) and the minor sixth-(5 : 8) are less 
consonant. 

Thfc second and the seventh, both major and minor are 
dissonant. 

m 

According to Helmholtz discord is always due to beats, 
and the unpleasantness of«a given combination depends partly 
on the strength of the beats and partly on their frequency. 
Thus if we start with two simple tones in unison, and 
gradually increase the frequency of one of them the nupiber 
of beats produced per second also increases gradually. Very 
slow beats are not unpleasant, but with the rapidity 
of the beats the jarring or the rattling effect increases 
till for a certain frequency of the beats the discord 
is a maximum. If Vhe frequency of the beats is still further r 
increased the unpleasantness gradually decreases and ulti‘~ 
mately vanishes. 
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These limits are different fot* sounds of different pitch. 
For sounds of medium pitch, lying within the range of the 
voice, beats* at th«^ rate of 2 to :o«per second are perceived 
separately and the effect is not unpleasant. Above 10 the 
beats are not perceived separately and begin to become 
unpleasant. The*unpleasantness becomes maximum at 3b, 
above which the effect becomes less and less unpleasant, 
and ultimately above 70 it vanishes. The sensation pro¬ 
duced by beat* is similar to the optical sensation produced 
by the flickering of a gas flame.* \Vith«the number of flickers 
per second the unpleasantness at first increases and attains 
a maximum value, and then it decreases and Anally vanishes 
when the flickers are so rapid as to produce the effect of a 
contiguous impression. The frequency corresponding to the 
maximum unpleasantness is snfaller for the eye than for the 
ear owing to greater persistence of visual impression. 

It is also found that two notes when sounded together 
are dissonant even when the interval between them is far 
beyond the limiting interval considered above. Thus if 
two notes instead of initially being in unison, one is the 
octave of the other? we still heap beats when* they are 
slightly out of tune. If the frequency of one is* 250 and 
that of the other 512, we hear 12 beats per second. The 
reason ^underlying this phenomenon is that the lower note is 
not a pure tone, but contains some harmonics, the most 
prominent qf which has frequency 520, and this harmonic 
beats with the fundamental tone of the other, the number 
of beats per second being 12, that is the difference of 512 
and 500. • * 

* It may be assumed that a simple tone when it reaches 
the fluid in the Cochlea . excites a select group of fibres ; 
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the middle members of tfte group having exact agreement 
are excited strongly and the extreme members whose periods 
nearly agree with that *of the tone arervery feebly excited. 
When two simple tones of nearly the same frequency reach 
the ear simultaneously, the two groups of fibres that are 
excited overlap, in other words, some fibres are common to 
both, and their vibrations being the resultant of two SH.Mt. 
of nearly the same period, varies in amplitude from the 
sum to tbs difference of the amplitudes of the two 

components, causing a # periodic waxing and waning in the 

• 

intensity .of the sound which are perceived as beats. When 
the beats are sufficiently slow they are perceived separately 
as separate maxiftia of sound. If, however, the beats are so 
rapid that the auditory nerve cannot recover, completely 
between the two stimuli the effect is a discord- Again when 
the beats are very rapid so that none of the fibres are excited 
by bQth tones then the unpleasantness vanishes. 

If it is further assumed that each fibre responds to a tone 
and also its harmonics, it will explain why the interval of 
the octave is so consonant, an«* also why two nctes, when the 
frequency of one is nSarly the same' as the octave of the 
other, produce beats with unpleasant effect. 

X25. Combination or Resultant tones- We have so 
far confined our attention to vibrations of very small ampli¬ 
tude in wWh the restoring force is proportional to the dis¬ 
placement. In such cases the law of superposition holds 
good and the phenomena of interference are produced. 

When however the amplitudes are large the restoring 
force is' not proportional to the displacement and the law of 
superposition r£hse$ to hold good. For example when an 
unsymmetrical membrane like the drumskin of the ear, 
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or a small air cavity is subject?d to large vibrations, the 
restoring force is not proportional to the displacement. In 
such cases* secondary waves are s€t up which appeal to tt>e 
ear as combination tones , also called resultant tones 

When the vibrations set up in the air by a sounc|jng 
body are so en*ergetic as to exceed the limit of the law of 
superposition, secondary waves are set up. which correspond 
to the harmonic tones of the sounding body and are called 

selfcomlination tones. • * 

• • • 

• Again when fwo notes are sd intense that the law of 
superposition no longer holds good, they set up*secondary 

• waves, which combine and give rise to combination tones 

• • 

whose frequencies are either the sum or the difference of the 
frequencies of the primariesi Those whose frequencies 
are the difference of the frequencies of the primaries are 
called the difference tones , and the others whose frequencies 
are the sum of the frequencies of the primaries are called the 
summation tones. 

Thus for example if m and n be the frequencies of two- 
simple tones, then ihe frequency f>f the difference tone is 
«* — n. This is called the first difference tonetsince it can 
itself Torm difference tones of the second order and so on. 
'Simijarly Mis the first summation tone which can itself 
form second-summation tones and soon. Thus the two 
simple tones may give rise to a series of combination tones, 
(w,«) primaries, (2 m t in) self combination tones, («--«) first 

• difference tone, (m-M) first summation tone, (tw~~n) sum¬ 
mation tone of the first difference with one primary apd so on. 

s Combination tones were first discovdr^d by Sorge,,a 
German organist in 1745. They were afterward v s 9 indepen- 
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gently discovered by Tartini, an Italian violinist, in 1754. 
It was f Helmholtz however who studied the subject fully. 

‘ To render the confbination r tones audible the primaries 
must be loud and should be sustained. They are conveniently 
heard when two organ pipes are blown hard ; when a Rouble 
whistle is blown hard ; or two gongs are sttuck near together 
close to the observer. Helmholtz obtained them readily 
with the siren. 

These tones are not generally reinforced by resonators, 
showing that they are pgaduce'd in the ea;. and have no exis¬ 
tence in the outside air, for if they existed in the air, they 
would have been reinforced by suitable resonators held near 
the ear. * •> 

In certain cases combination tones may however be 
formed in the air. For example in the case pf a harmonium 
or a siren the sound waves just on their production escape 
from*or into a closed air space, where the vibrations are so 
energetic that the restoring force is not proportional to the 
•displacement, and thus secondary waves are set up producing 
combination tones. <. 

Thomas Young trietl to explain the* production of combi¬ 
nation tones as being due to a succession of rapid beats 
following one another like the impulses of an ordinary musical 
note. At his time summation tones were unknown ahd his 
theory gave a ready explanation of the difference tones,' whose 
frequencies, like those of beats, are equal to the difference of 
the frequencies of the primaries. Helmholtz afterwards 
proved mathematically that when two primary tones agitate* 
energetically the same body or the same portion of air, their 
combined effect* would produce two derived systems whose 
frequencies are respectively equal to the sum and the 
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difference of the frequencies V the primaries. He next 
brought his result to the test of experiment and succeded in 
demonstrating th# existence of summation tones. Young’s 
■■theory fails to explain the formation of the summation tones. 
Besides if combination tones were due to beats, they could be 
beard even whefi the primaries were feeble, because when*two 
tones of the same intensity produce beats, the intensity of the 
beats changes alternately from zero to four times the intensity 
of either of tRe primaries. But combination iones are not 
beard With feeblp primaries.* Th^tthe combination tones are 
not due to coale&ence of rapid beats is also evident from the 
, fact that under favourable conditions both beats and 
combination iones are heard together. • 

The subject of combination tones is very complicated 
and a complete investigation of it is not possible at this 
•stage. We may however form some idea of the mode of 
production of these tones from the following inductive 
analytical investigation of Poynting and Thomson. 

Let two reeds of frequencies « A and « t mounted on the 
same wind-box, be blown *by air whose average excess of 
pressure is P. The*n assuming that*/* remains constant and 
the ijssuing disturbance is proportional to the pressure excess 
,-and the amplitude a of the reed, the issuing disturbance may 
be Represented as Pa sin •I’nnt But the vibrations of the 
•reed changes P with a periodicity, so that the pressure excess 
•may be represented at any rate by 
P{ \ sin (2 

The issuing disturbance may thus be put as 
P sin 2irnJ[i +b sin (2?r« A /+Of 

**Pa sin 2irnJ— ^^cos + 

a 3 
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‘In (i) both the fundamental and the octave are present 
By collecting the pressure for the octave by introducing t 
term the next harmonic is obtained and so on. 

The pressure excess as modified by the second reed maj 
similarly be represented by P{\ +* sin (2irn i f + e a } 

Now if both reeds are sounded together add the variatior 
in the pressure excess due to the first reed.is neglected, then 
the issuing disturbance is represented by 

Pa sin 2Ttnj{i +c sin 

Pac " 1 

= Pa sin 2*nJ + ~^—cos {a—+ 

-■^Ifcos \ 2 ir[n L + n^t+e^\ .(ii) 

2 

In (ii) the first difference tofrie and the first summation tone 
are present.. By correcting the pressure for these tones, the 
next higher tones are obtained, and so on. 

We thus see that when several instiuments are played 
together in the music of a concert, each instrument gives out 
not only its fundamental tone, but also some of its overtones 
and self combination tones. Then there are resultant tones, 
both difference tones and summation tones. All these move 
through the same air and interfere with one another. The 
physical condition of the air through which the waves travel 
is too complicated to be realised even in imagination. 
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CALCUTTA UNIVERSITY 

1909 . 

1. What is ryeant by the intnference of sound waves ? 

Describe an experiment showing the interference of sound waves, 
and explain hoH it may, be used to measure the Have length of 
the note employed.^ Art 98. * • 

2. Give the laws governing the transverse vibration of strings. 
The density of steel wire being 7*7 and that of copper wire 8 9 

* what must be the ratio of the diameters of tw<i wires, one steel and 
the ether copper, of equal length, so that when stretched by the 
'same force they may give the same note ? Art. 77. 



But l^l z , T!»T s , an, 

.•^SLi , Or ’’’ = £££ 
r W 77 'v 77 

3. Describe the construction and operation of a gramophone. 
Art. 9i 4 

4, On the wave theory of light, prove (a) the connexion 
between the velocities of light in two media and the index of 
refraction, and' (6) the equality of the angles of incidence and 
reflexion in the case of light failing on a reflecting surface. 
Art. 62. 

1910 

• • 

1. Show that a simple harmonic motion^ in a straight line 
may be resolved into two circular motions. Art# 30 


12 
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2. Define Young's modulus of Elasticity. Taking the 
modulus of steel wire as 1800 X 10 9 grammes per sq. cm, find the 
elengation of such a wire*'10 meters long ajjd isq. mm. in cross 
sectional area when stretched by a weight of 10 kilos. Art. 16 

FL 

E~ -jj- units of force per unit surface. 

1800 X 10 9 X981 dynes per unit surface. 

Z—10X100 cm. 

F»io^< 1000x981 dynes. /«? t . 

s=s’oi sq. cm. r s 

* * 

3, What is meant by resonance f (Art. 63.) In what differ¬ 
ent ways can the sound emmited by a vibrating turning fork 
be made audible at a considerable distance ? (Arts 68, 72, 86, 51/ 
54 and 56) Show that the different means of producingt this 
effect are not strictly analogoys to one another.** How can 
the vibrations of the prongs of a tuning fork* be made visible 
at a distance and how can they be utilised to measure small 
intervals of tifne ? (Arts. 34 and 109) 

* Ans, In the case of resonance the sound emitted by the 
fork is greatly intensified only when the tube has definite length 
or the resonator has a definite size/ so that the natural period of the 
volume of air inside the tbbe or the resonator is the same a$ that 
of the fork In the case of the sounding board, however, the 
vibrations of the fork are communicated to the entire mass of 
the box and the air within it. The vibrations of the box ar>d air 
within it ace forced , their natural periods of vibration being 
generally different from that of the fork. In the case of resonance 
a tube responds to those notes only which it is fitted to yield, 
but the same sounding box is used for tuning forks of different „ 
frequencies. In the case of conjugate mirrors, speaking tubes or 
reflecting gallery the intensity is not increased as in the case of a 
sounding box, lru.t the sound is heard at a considerable distance 
without nrveh loss in intensity. 
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The arrangement of the fork'and the drum (Art 109) may 

be used as a chronograph to measure small intervals of tyne. An 

arrangement is m|de for breaking «he current in the primary 

.circuit at the beginning and end of a given interval of time. The 

interruptions of the current produce sparks which mark the 

paper on the w$vy line. If « be the frequency of the fcfrk it 

will trace n waves in one second. If the number of waves between 

two marks produted by the interruptions of the cirrent be m, 

then the interval between the interruptions is given by mjn sec. 

• • 

4. How can the existence o{ nodes £nd antinodes in a sounding 

ofgan pipe be demdnstrated ? Art. 69 

5. Describe that experiment of Melde’s, which *has for its 
# purpose the illustration of the laws governing the vibration of 

strings. Art 7<jv * 

'fhe tuning fork makes 128 vibrations per second; a mass of 
kilogramme is placed in the scale ^>an, the wire is of platinum of 
sp. gr, 2i, the diameter is *5 mm. What must be the effective 
length of the wire for a node to be formed at the middle ? 

Arts. When the string vibrates in unison with the fork 

n = the frequency of the fork* 128,* 

7'sc pension with which the string is str«tched«ioooX98i dynes. 
«w = mass of the wire per unit lengths'* X’25 2 xai. 

* /distance between two con scut ive nodes=»halr the length of 
the string. * 

6. A man standing on a train which moves at the rate of 108 
■kilometers per hour blows a whistle the pitch of which corresponds 
# io 1200, vibrations per second. What is the apparent pitch of the 
whistle to a person standing at a point in |he direction ^towards 
which the train moves t Temperature of the atmosphere at the 
time of observation was 3o 0 C; velocity of sound ia air at 
33060 cm/sec. Art. ioo, »» 
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K+u>— v a . ... , 

w _--*j in this case w—o and v 0 

9 K + W — V, 


o 




V—Vi 


, »'=required pitch (?) 

m* pitch of the whistles: 1200 ' 

velocity of sound in air at the time of observation 

-v 0 ( .+^)=33 c6o( . + %3°) cm/seCf 

* * n 

f lo8.oo.oqp ' 

velocity of the source* ~~ 5 ~ 0 ' x » cm/sec. 


1911 

I. What do you understand by simple harmonic motion 
(Art 19) Explain carefully how could you represent it graphically. 
(Art 27) Show how to combine two harmonic motions of the same 
period^and equal amplitudes. 

1. when they are in the same direction. 

2. when they are at right angles to each other. The difference 
of phase in both cases being 90 0 . (Arts. 31 and 32). 

2. What is the pitch in th£ case of sound f How is it 
accurately (determined ? (Arts. 11 and 190). 

3. In what essential point do transverse vibrations of a rod 
differ from the transverse vibrations of a string ? Comparing a 
vibrating tuning fork with a vibrating rod supported in a Certain 
way, show* by a diagram that the ends of a tuning fork alternately 
approach and recede from each other, and that the attachment of 
of the stem does not interfere with the vibrations. (Arts 89* and 92) 

* kns. The rod being clamped at the middle there will be a. 
node at (he clamped ppint and two antinodes at the free ends. 

4. Indicate thq different ways in which the vibrations of $ir 
column of an orffah pipe may be started and obtained. What 
effect is produced on the sound emitted by an op<jn organ pipe (a) 
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ty partially (ft) by completely closing the open end of the pipe t 
Arts, 6S and 69. 

•1912 

1 

1. What are the characteristics of Simple Harmonic Motion f 
Arts. 19 and 27. 

Trace, on the squared paper supplied, a complete closed curve 
to show the result of combining two simple harmonic motions at 
right angles to each other, that start from the same point with the 
same phase anti have frequencies in the ratio 2 : 3. # Art 33 

2. Define Yopng’s modulus of £&sticity. What will be the 
-elongation produced in a steel wire one metre long £nd of one 
square millimetre cross section, when it is streched by a weight 
of a Kilogram^Young’s modulus for steel being 2XI0 1 .* dynes 
per«square centimetre. Art. 16. and Ques. 3, 1910. 

3. Carefully explain what goes on in a sounding body and 
the atmospherd in its neighbourhood. What do you understand 
by the wave length of sound f Arts. 9 and 39. 

4. Describe the distribution of nodes and loops tfkat Arc 
formed in an organ pipe and in a string fixed at both ends. How 
is their existence made manifest ? Tabulate the series of overtones 
present in the various cases. Arts. 68 and 69. 

5. What are be 3 ts ? How do tftey arise ? Two tuning forks 
of frequencies 10 and 12 are sounded together. Show graphically 
what will be the number of beats. Under what condi'ions do 

'beats produce resonance t Arts 99 and 70, 

1913 

x. A particle moves with uniform speed in a circle. Show 
that the motion may be resolved into two simple harmonic 
motions at right angles to each other. JHow do the^ differ in 
phase and amplitude t (Art 30). 

Show how the potential and kinetic energies of a particle 
executing simple harmonic ^motion vary. Art. 20. 
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2 How has it been concluded that a sounding body e g. 
(a) a tuning fork, (b) the air column in an organ pipe, is in 
vibtatory motion t (Arts. 34, 109 and 69). ,To what physical 
characteristics do the loudness and the pitch of a musical note 

correspond f Art. II. 

( 

3. Describe the distribution of nodes and loops formed (a) 
in a closed organ pipe, (b) in a thin steel rod fixed at one end. 
How are their lengths to be adjusted so that they may sound in 
unison f The yelocity of sound in air is 33*40 cm/sec and that 
in steel 5 2 X105 cm /sec. Ar,+s. 68 aird 89. 

4. Describe any two methods of determing the velocity ot 
sound in air. Explain the various steps of the process in each 
case. (Arts. 113 an^l 114). How does the velocity of sound 
depend on the temperature of the medium T Art 47. 

« 

1914 

1. Define the terms amplitude, period and phase as applied, 
to simple harmonic motion. (Art 25). Find the resultant of two 
simple harmonic motions, at right angles to one another, which 
have the same period and amplitude, their phase difference being 
90° (Art 32) Indicate a method of* experimentally demonstrating 
the accuracy of the result obtained. Art. 34. * 

2. Describe the distribution of nodes and loops [a) in an open 
organ pipe, (6) in a thin rod, fixed at one end and vibrating 
longitudinally (Arts 68, 89 and 69). How is their existence' 
demonstrated f describe a method by which the velocities of 
sound in various gases may be compared. Art. 117. 

3. Define wave length and pitch of a musical note. How 
are they related f (Arts. 10 and 39). Explain a method of 
determining each (Arts. §7 and 97). 

When two notes of nearly equal pitch are sounded together* 
what effect is produced in the ear and in the air outside f Arts. 
88 and 99... 
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4. Find ihe velocity of sound in air (at any moment), from 
the following data : — 

Pressure of the atmosphere*that of 760 mm of merely. 
Density of air* *001293. 

Ratio of the specific heat* 1*41 

Temperature of the air=ioV. Arts. 46 and 47. • 

sound is emitted by a scurce placed at one end of a long 
iron tube and twb sounds are heard at the other end at an 
interval of 2*5 seconds. If the length of the tube is 951*25 meters, 

find the velocity of iron.* Art 117. * 

• • • 

• • < 

• 1915 

l. Define the following :—period, amplitude and phase. 
(Art 25). Shtyv that the motion of the bob of a simple pen¬ 
dulum is appoximately simple harmonic. A particle moving 
with a simple harmonic motion *has a period of *ooi sec. and 
amplitude *5 cm. Find its acceleration when it is '2 cm from 
its mean position and its maximum velocity. 


Ans. 


Acceleration* — 





cm/^ec 


Velocity ** wa cos wt (Art 26) 

But cos wt — -r 3 / 1 * where a is the amplitude and x the 

'displacement. 

.*, Velocity =*v>, and this is maximum wljen jr*o. 


2TT 2“ , 

The maximum velocity«=*wa= -y a *7“^, X'Scm/sec. 

* Simple pendulum. It consists of a heavy particle suspended 
by a perfectly flexible weightless string f^pm a fixed point, about 
which it swings in a vertical plane without any friction. Such a 
pendulum is an ideal one, but we may approximate to it by 
suspending a small metal sphere by a long and very thia thread. 
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In fig. 90 OP represents a^ simple pendulum in its position of 
rest. Let m be the mass of the pendulum and / its length. When 
thcr bob f of the pendulum, is drawij 0 

aside to Q, the forces acting on it are k 

(1) its weight mg acting vertically 
downwards, and (2) the tension along V\ 

its length QO. The force acting on \ \ 

the bob tending to bring it to its posi- / \ \y 

tion of rest acts tengentially along QT, p 

Since the tension has got no compo- \ 

nent along the tangent, the, resultant v 

force acting on the bob along QT= 

^ s,ne ‘ Fig 90. 


When 6 is very small sin 0 = — 

,\ the acceleration with which the bob is moving- —-^ 

r=n arc PQ 

i 

Where g is a constant and equal to j. i. e. acceleration of the 

bob is proportional to its displacement from the mean position. It 
therefore exeqjutes a * 


F=time period =^-=27r 


^ t Art. 24. 


Another proof. Let the bob of the pendulum move from Q f 
to Q in time t, 

RR f = sthe vertical height through which the bob has fallen 
in time t. 

/-(cos 8-cos <P) ; <t>**LQ'OP, 
m% Work done in the fall-= mg RR'**mgl (cos 9—cos $) 

=* kinetic energy of the bob—velocity* 

Velocity of the* bob —Iw ; angular velocity 

r dt 
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acceleration with which the bob is moving*/ 


dtv d*tf 

_ S3 _ , _ 

(U 


-j ml* u» a 

Hence*- -=*mgl (cos«9-cos 


2 


/w* . 

0r - - “tftcos 0-cos 0) 
z 

Differentiating*with respect to t we get 

. dw . 

/.w. —- m —g wnfl 7 
at a £i/ 

or l = ~g sin 0, 

• * 

When 0 is very«small sin 0 = 0=-- 


wrc 


ld*Q 


dt 


a =acceIeration« - ^ arc - -f^arc. Wheje h = constants -j\ 


f. e. the acceleration is proportional to the displacement. The 
•motion of the bqj> is therefore simple harmonic. 

2. Describe a method by which the velocity of sound in a 
gas may be determined and compared with those in other gases* 
Art. 117. 

The velocity of sound in air at O r C is 352 meters per second. 
Find the shortest length of a tube open at both ends, that will be 
thrown into rosonant,vibration by a £ork whose frequency is 250, 
when the temperature of the air $i°C. . # 

* i—33 20 ° (t+ OOl8X5l)=«\=2«/ 

• M = 256 

3. A litre of hydrogen at normal temperature and pressure 
weighs *0896 gramme. Find the velocity of sound in hydrogen 
at a temperature of i6°C, when the pressure is 750 mm, the 

' ratio of the specific heats (hydrogen) being 14 [Density of 
mercury 13*6 and £"*980]. • • 


V" 


pi P*75 x 13*6x980 dyneV 
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v *oi>o6 

10 , 00 ° 

4 ‘ 

F 0 (* + 0018 X 16) cm/sec. 

4. On what do the loudness, the pitch, and quality of a 

musical sound depend ? Arts 11 and 84 

* 

Explain briefly how these may be graphically represented. 
How would you propose to determine the ,pitch of a note 
experimentally ? (Figs. 8 and 9 Arts. 107 and 117.) 

5. Deduce* the laws of reflection and refract ton of light on 

the wave theory. Art <>3 • * 

1910 

1. Define amplitude, phase and period of a simple harmonic 
motion. (Art 26). Find the period, given that 'the magnitude 
of the force at a distance x is px (Art 24), A pendulum which 
beats once in two seconds at A gains two beats tin an hour at 
B ; compare the weights of the same substance at the two places. 

Ta s time period at j 4 = 2 sec. 

1 

V I 

; ga «acceleration due to gravity at A 


time^period at B *- 


=a»\/ gi t 


60 X &> 
(30x60) + 2 


gb * acceleration due to gravity at B 


Weight of a substance at A 8 


Weight of the same substance at B 

mass of the su bstance 'X.S[q^ga sm , 
mass ot the substance xgb gb 

2 . Indicate some method of experimentally determining the 

velocity of sound in solids. (Arts. 116 and 117). Young’s 

modulus fir steel is 2ioxio 10 f and the specifie gravity is 7*8, 

Find the velocity of sound through a steel bar. How would the 

temperature of the bar affect the result ? Art 117. 

' 1 * ' ( 
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Increase of temperature decreases^he elasticity of the steel rod. 

^/p,* E—£\q x io l i' dynes. *0 = 7*8; F*? * , 

3. Explain (he following terms '.—pitch, beats, overtones. 
Show, by means of diagrams, the relations between thjse 
quantities. Arts 8}, 76 and 99, 

4 * Describe and explain with suitable diagrams, the nature of 
the motion which constitutes sound. Art. 9 

An open oi*an pipe emits its fundamental n*>t<\ Find its 
length if the velocity of sound in aia*33000 cm/sec, and it 
viOrates in unison v^th a violin string of length 33 cm, under a 
stretching force of 7*89 x io° dynes, the mass of the string per 
^:m. being *0042 gramme. 

ms frequency of the violin string* 

_ 1 a J 7 89 x io« 

“2x33 y 0-42 



In the open lube 2 m/'* ^*33000 ; where /'* length of the string 
sounding its fundamental, and F* length of the pipe. 


2 1 ' a /789XJ0 8 

X33 y ®°43 


~ 8 330JD 4'=. 


1917 . 

1. * Define simple harmonic motion, period, phase and 
amplitude. (Arts 19. and 25). Find the resultant of two 
simple harrqpnic motions of the same period but differing in phase 
and amplitude. Deduce the results in those cases where the 

• phases differ by o, 7r/2, 7T and 3^/2 respectively and the ampli¬ 
tudes are (a) equal, and (1 b) unqual. lllust^ite your answer with 
ivat pencil sketches on a squared paper. Arts. # 3i and 32 

2, State how Newton tried to explain the discrepancy between 
the velocity of sound as determined by experiment and aas deter- 
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mined from his expression Vs 



What is Laplace*s 


correction ? Determine the velocity of sound at A r . T, P . and 
deduce the change in velocity per centigrade degree rise in tem¬ 
perature if «<=*00367. Arts 46 and 47. 


3. Give a brief account of Kund’s experiment. If the length 
of the rod is 1 metre, the density of the material 8 grams per c. c. 
and its Young’s modulus 7'2Xto 8 grams per sq cm. find the 
distance between the heaps in the tube when it is filled with C0 2 
at 25 'C. Velocity of sound in CP 2 at t 6 C= (260+’478*) meters 
per sec. 


Velocity of sound in the rods 

<■ 



7*2 X l0 8 Xg 

_ _ 


cm/sec. 


Velocity of sound in C 0 » at 25°= (260+478 X 25) X 100 cm/sec. 

Velocity of sound in the rod 
Velocity of sound in C0 2 at 25°C 

length of the rod 

distance between consecutive heaps in the tube 

_ 100 
distance between consecutive heaps in the tube. 

Distancg between consecutive Heaps=? 

4, Describe accurately how you can determine the velocity 

of sound along a stretched wire in the laboratory. Art. 119 

5. State the fundamental assumptions made by Huyghens, 
with regard to the wave theory of light. Explain the phenomenon of 
refraction and deduce Snell’s law with the help of the theory. 

Arts. 58, 63. 


1918 

x. Define the terms wave length, amplitude, and frequency 
(Arts. 25 and 39) Assuring that the velocity of water wave qf 

wave lengthX is given by the formula v* calculate, the velocity 

bo 27 T 
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and frequency of a wave when the (distance from one crest to the 
next is observed to be 55 ft* What are stationary waves, and 
what is the difference between them and ordinary waves ? Art. 66. 

. Illustrate your answer with neat pencil sketches on a squared 
paper. Define the terms nodes and loops, and explain how are 
they formed. Ar^ 66. • 

* Arts. v i ss~ But \ = 2 x ft. 

oar ■» J 


v 


27T 


;* 2 *55 


= 55 ? 


or 




sec. 




n\-v .*.«=» ^/ 5 ^ a '-t2X55 

/ Obtain an expression for the velocity of sound in air, in 
terms of the pressure and the dfnsity. (Art. 44). Calculate the 
velocity of sourtd in air at 30° C. when the barometric height 
(corrected) is 755 mm. ****00367 57=1-4 (Art. 47). 

3. Distinguish clearly between stationary waves and (IVogres- 
sive waves. Explain graphically or mathematically, the formation 
of nodes and antinodes when two trains of exactly similar waves 
travel along the same line in o^osite directions. Art.^66. 

4. Explain Doppler’s principle, atfd describe how it can be 
easily demonstrated. Art. 100. 

Two trains are approaching from opposite directions with the 
samtf speed of too ft./sec. The whistle of the first train is of 
frequency 1624. Find the variation of the apparent pitch 
calculated by an observer in the second train as the trains pass,, 
supposing there is no wind and that the velocity of sound in air is 
1116 ft/ sec. 

In this case »'—»»]£ +w ° since o»*o *nd the motions of the 

K“*Vs 

source and observer are in opposite 
directions. «• 
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M = 1024 

7 = i ico ft/sec. »'«? 

„ ' v 0 =«/ B = 190 ft/sec. , f 

5. Give a general defination of the term Elasticity and prove 
that, in the case of a gas, the elasticity at constant temperature is 
numerically equal to the pressure. Calculate in r C. G. S. units the 
-value of Young’s modulus, in the case of a wire, from the follow¬ 
ing data Arts, 12 and 16 ' - 

Mean extension for 6 kgm. = o'537 f mm. 

Radius of wire f f 1 =*0 675 mm. ( 

Length of wire = 2^0 cm 

1919 

1. Find the velocity and acceleration of a point executing 
•simple harmonic motion. (Arts. 22, 26) Show that the piotion of a 
simple pendulum oscillating info a small amplitude is simple 
harmonic in character, (Page 184). A point describes simple 
■harmonic vibrations in a line 4 cm. long. Its velocity when 
passing* through the centre of the line is 12 cm/sec. Find the 
period. 

Velocity when passing through the central position =*«/«= 12 

. ' 12 . 27T 

liut a =4 w **—= a* — 

4 1 

lit 

r= — sec. [Page 183] 

3 

2. Describe Melde's experiment on vibration of a string. 
A fork vibrates along the length of a string that is attached to one 
prong and is stretched by a load 41*8 grammes. If th*e length of 
•the string be 20 cm. and its mass per unit length be *025 gramme, 
and if the string vibrates in 4 segments, calculate the frequency of 
the fork, 'Art. 79, 

In this case frequency of the fork is double the frequency of 
•the string=2«. 
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n 


frequency of 


the strings* 



7 * *=41*8 xg dyne^ /=» length of the string between two 

m ~ 02 S gram. consecutive nodes020/4 cm. 

« = ? 


3.. Explain by drawing suitable graphs, the formation of beats 
when two notes of .neaily the same pitch are produced. Prove 
that the frequency of the beats is equal to the difference of the 
frequencies of \he givcg notes. What is the effectT>f the beats on 
the concordance of jnusical notes*? A^. 99 and 124. 


4. Prove that V— ~ ; where V is the velocity 

of (Kopogation* of longitudinal waves in a solid of Young’s 
modulus E and density p. (Art. 4^) 

Explain briefly hew by Kund's apparatus this velocity can be 
experimentally determined. Art. 117. 


1920 

1. Describe an arrangement for the production of Lissajou’s 
* -figures. (Art. 34) State how jtliey may be projected on a screen. 

Draw on a squared paper the curves traced by a point impressed 
with two S. H. Ms at right angles to one another whictostart so that 
the extreme positive elongations occur simultaneously when (a) their 
amplitudes are equal and periods areas 2 : 3; and (b) when the ampli¬ 
tude and period of one are double those of the other. AJso draw the 
curve in the latter case when the slower vibration is impressed 
on the poifft as it passes the central position. Draw neat pencil 
sketches to show how the figures will be affected if the frequencies 
•are not exactly but very nearly as 2 : 1 (Arts. 32 and 35). 

2. Explain briefly the resonance column method for finding 
tlie velocity .of sound in air. (Art. 112) Tl?$•velocity of sound 
in air at 30 0 * and saturated with aqueous vapour is fopnd to be 
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350 meters per second, dalculate the velocity in dry air at 
N. T.P., 

m Mass of 1 c.c. of air at #.2 r '.P,=» , dbi293 gramme. 

Density of acqueous vapours *62 

Barometric height (corrected) =*760 mm. 

"Maximum vapour pressure at 3o # C=*3i*5 mmr Art. 47. 

3. Describe any method for finding experimentally the velocity- 
of propagation of transverse waves along a stretched string* 
Does the velocity depend on the tension ? Indic^fe the variation 
of the velocity with the tension, if (Jiere be any, by a graph. 

Ans. By the sonometer ■— Art. 48 

or v *=a constant XT ^ 

Comparing this with the general equation of a parabola y * =* 

# 

4 ax (where a is a constant), we fifed that this relation of the velocity 
with the tension plotted graphically will give a parabola. 

4. Explain Doppler's principle and how it can be demonstra¬ 
ted, show that, in the absence of wind, a given speed of approach 
of the source raises the apparent pitch more than the same speed of 
approach of the receipient. Art. 100. Case IV. 

1 

, 1921 . 

1. Defiine the following amplitude, phase and period (Art 
25) Show that the motion of a simple pendulum is approximately 
simple harmonic. (Page 184). 

2. What do you mean by coefficient of volume elasticity f 
Prove that the coefficient of volume elasticity of a perfect gas under 
constant temperature is equal to the pressure. Arts 12 and 16. 

3. Mention the different factors or sources of error that 
influence'the velocity of sound as determined by open air obser¬ 
vations, and explain how they may be corrected to obtain an- 
absolute y$lue. Art. 113 
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4. Give a general explanation of the manner in which Lissajou’s 

figures may be observed and produced and how tl^y may be 
practically utilised^ n acoustical determinations. Art 34 • 

5. State how the presence of overtones in the sound of (a) 
a closed organ pipe, and ( b ) a bell may be observed and their 
pitches determined. Explain clearly the difference in the nature 
of the tone in the two cases. Arts. 68 and 95. 

6. State the*wave theory of lia>ht and deduce the laws of 

refraction of li^ht on that theory. Arts 58, 63. 

• 

. # 1022 . • 

* 1, Distinguish!between oscillatory motion and periodic motion. 

(Art. 17). Find an expression for the displacement at any instant 

of a particle executing simple harmonic motion of known period 
and amplitude. Explain how the time-displacement curve can be 
graphically drawn. Arts 25 and *7. 

2. Briefly explain the theory and the method of finding the 
velocity of sound in air by the resonance column. Arts 68 and 112. 

Calculate the velocity of sound in dry air at o °C and^60 mm. 
pressure from the following data, supposing the density of moist 
air inside the tube to be *0012 gram. 

Length for the column of air for the first maximum^ 33 cm. 
Length for the secflnd maximum, 181*6 cm. 

Temperature of air inside the tube 30 *C 
Barometric height (corrected) 760 mm. 

* Frequency of the fork used. 256* (Arts. 47 and 112). 

3. Define pitch and quality of a musical notA (Arts if.) 
Explain how they are represented in the wave curve. (Figs 8 and 
9). Explaiti graphically or methematically the formation of heats 
when two musical notes of nearly equal pitch are sounded together. 

' Art. 99* « • 

4. Explain the method of finding the absolute frequency of 
& tuning fork by the sonometer. What are feftfe different sources 
of error, and how may these errors be minimised. Art. pm 


*3 
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1923 . 

j. Define the following—wave length, period, amplitude and 
phase. (Arts. 25 and 39) Show that the mofcion of the bob of a 
simple pendulum is approximately simple harmonic. (Page 184) 

2f Give a general defination of the term elasticity, and prove 
that in the case of a gas, the elasticity at constant temperature is 
numerically equal to the pressure Arts. 12 and 16 

3, Find an expression for the velocity of propagation of 
longitudinal violations in a solid rod, Arls % 44 and <89 

Describe some method cf firfding the coefficient of longi¬ 
tudinal elasticity by an acoustical experiment. Arrt 120. 

4, Describe any one form of Melde’s experiment, and 

indicate how the lays of vibration of a stretched string can be * 
verified with Me!de*s apparatus. Art. 78. * 

5, Clearly distinguish between overtones and harmonics. 
Give a few instances of overtones that are not harmonics. 

How can you detect the presence of harmonics in a musical 
note, ahd what are their functions ? Arts. 85 and 86 

1924 . 

1, Define stress, strain and roefllcient of Elasticity. Prove ' 
that, in the case of a gas, the elasticity 4t constant temperature 

is numericalfy equal to the pressure. Arts. 12 and 16 

2. Fincf an expression for the velocity of sound in air from 
the theory of dimensions assuming that it depends on the pressure 
; and the (tensity*. Is the formula so obtained verified experi¬ 
mentally ? Give reasons for your answer. Art. 46. 

Calculate the velocity of sound in air at o # C and pressure 760 
mm. of mercury, given that the corresponding density of air is 
*001293,^=981, the specific gravity of mercury is 13 6. Art. 47, 

♦Elasticity of a gas at constant temperature is equal to .its 
pressure. As shown it Art. 16, elasticity is expressed is units of 
force per unit area. , 
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Let £, M, T be the fundamental Tinits of length, mass and time. 
Then velocity*/./T, and acceleration ■» rate of change of 
•velocity witfi time*I/r* « • • 

Force* massxacceleration<=>~~ Surface*£ 2 

7 s .; 

if 

'Density*mass per unit volume*~| 


Elasticity 


’ft * 


if 

LT\ 


Thus we hanre 9 
Pressure if M L- 
Dens.ty *Z7\“L»*T» 


* velocity 


t 


Vp 


LS 

—. where /^pressure of the gas, and p*its 


density. 

3. Clearly explain the meting of the expression "Velocity 
of propagation* of a longitudinal wave.*' Represent graphically 
the state of disturbance at any time at any place during the 
propagation of a wave. Describe the mechanical process Involved. 


Art. 9 

Explain the formation of nodes and antinodes in an open organ 
pipe emitting its fundamental find first overtone. Art rf 68. 

4. Describe the method of compounding two^vibrations at 
•right angles to each other. Work out the case in which the phase 
difference is half of the period. What is the resultant effect of 
’two Vibrations in the same direction. Investigate all the different 

■cases that arise. Arts. 31 and 3a. 

5. Compare the action of the phonograph and the telephone, 
and explain the characteristics of the vocal organ in man. 


Arts. 90, 91, 9®* 


1926 . 


• • 

, t Give Newton’s formula for the velocity of sound in air. 
what respect was it defective, and whafr Correction was it 
■found necessary to make that it might give accurate results. Art. 46 



ig6 


SOUND 


2, Explain the production' of nodes and loops in the case 
of string?. Art. 66. 

'3, How has it been concluded -that a spun ding, body, e*g. 
(a) a tuning-fork, ( 4 ) the air column in an organ-pipe is in 
vibratory motion ? Arts 35,69. 

i'o what pysical characteristics do the loudness and pitch 06 
a musical note correspond ? Art. 11, 84. 

4. What is wave-theory of light ? How would you explain 
the phenomena of reflection and refraction of light on the wave 
theory ? How * does a wave of light differ f?om a' wave of 
sound ? What is the natti^e of tVie vibration, constituting light ? 
Art. 58, 63^ 


1026 . 


1. What do you 1 mean by simple harmonic motions ? What 
is the nature of the force that will make a particle move Hi 
simple honnonic motion ? What reasons are there for believing 
that the motions that give rise to sound and light are simple 
harmonic ? Art. 19 * 

* The wave theory is based on the simple harmonic motion of 
the particles of the medium through which the waves are pro¬ 
pagated. This motion is transferred from particle to particle of the 
medium during wave propagation. The polarisation phenomenon, 
of light leads^us to infer that this motion of the particles is at 
right angles to the direction of wave propagation. 

2. Explain the terms—pitch, interval, overtone, and timbre. 

* Arts. 11, 84. 

How would you experimentally demonstrate the existence of 
overtones in (a) a stretched string vibrating transversely, and in 
(I b ) a closed organ pipe ? Arts. 85, 86. 

3. Give some examples of shadows in sound. * 

Explain clearly wHy sound shadows are generally not so 

well-marked as tho£e of light. Arts. 101, 102. 

4. Explain Doppler's principle. 
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A man standing by a railway notices the change of pitch of 
the note due to the whistle of an engine as it passes by 4 iim. If 
the frequency of the whistle* be 356 *vibrations per second and 
the velocity of the engine be .^th of that of sound, what will be 
the frequencies of the notes heard by the man before and after 
the engine passes him ? Art. 100, Ques. 1 page 139. 

• 1927 . 

1. A particle P moves with a constant speed an a circle of 
radius 10 cjm. making 3 compile* revolutions per second. Disccss 
the motion of the projection Q of the* particle P on a diameter 
of the circle, and find an expresssion for the velocity of Q at any 
instant. Calculate the position and the velocity of Q at the end 
of the # first, second and third seconds. Arts. 23. 

2. Explain, with the help of 0 neat diagrams, the mode of 
vibrations of an open and of a closed organ pipe. 

What will happen to the pitch and wave-leftgth of the sound 
emitted if the density of the air is increased by 10 per cgnt. of 
its original value ? Art. 68. 

3. Explain how the pitch of the sound alters with the motion 

-of the source or the observer. • 

t 0 * 

Deduce a formula connecting the pitch of the qote heard 

'with the velocities of the source and the observer. Art. 100 

, 4, Describe some experimental method by means of which 
wave-forms of musical sound may be studied. Arts. 34, 35. 

1928 . 

» 

1. Explain the terms 'periodic motion* and 'simple harmonic 

motion.’ 

Find graphically the resultant of two simple harmonic motions 
-at right angles to each other, which have the same period and 

-amplitude with a qhase difference of —. Arts. 17, 32. 
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2. What do you understand by the terms—stress, strain, and* 
coefficiept of elasticity ? Art. 12. 

11 3. State the law connecting the ^velocity pf sound through a- 
gas with its temperature and pressure. 

If the velocity of sound through hydrogen at o°C is 4,200 feet 
per* second, what will be the velocity of sound (at the same tem¬ 
perature) through a mixture of two parts by volume of 

hydrogen to one of oxygen ? (The density of oxy¬ 
gen is sixteen times that of hydrogen). Art. 47 

__ 

V '\P r f 

- I.et density of the mixture. « 

Ph* density of hydrogen. 
p 0 s* Jensity of oxygen *= 16P,, 


2Kp i ;+^o“ , 8^P H -3FP P«6 Ph- Assuming that P is the 
same in both cases and the difference in the values of \ in the 


two cases negligible, we have 

* velocity in hydrogen^ 
velocity in the mixture 



4. What is an echo ? Why is a succession of echoes some¬ 
times observed ? 

You staft walking away from a high wall clapping your hands 
once every second. How far must you go from the wail before 
you hear the echo of one clap simultaneously with the next clap ? 

2 d 1 120 

(Speed of sound in air is 120 ft. per sec.) 1 **560. ft. 

3. Give carefully drawn diagrams showing the position of the- 
nodes in an organ pipe, open at one end and closed at the other, 
for the fundamental vibration and the first three harmonics. 

State the relat'ons which exist between the lengths of closed- 
and open organ pipes and the pitch of the notes emitted by them. 

• Art. 68. 
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1989 

1. What is meant by wave motion f Describe the nature of 
vibration^ which ^ke plac^in ordinary water waves, in sound and 
light waves. What is meant by stationary waves ? Illustrate your 
answer by the vibrations of a string at one or both ends. Arts, 
36, 8, 9, 102. 

•2. What is meant by elasticity of a body ? How is it 
measured ? Explain the terms you use. Prove that in the case 
of a gas the coefficient of elasticity at constant temparalure is 
numerically equal to the pressure. Art. 12, 15, if.*. 

3. ’Explain tfie production of egHbes. A gun is lired on the 
sea-shore in fronfqf a line of cliffs. A man standing 300 ft. away 
from the gun and equidistant from the cliffs notices that the echo 
takes twice long to reach him as does th** direct report, hind by 
calculation or graphically the distance of the gun from the cliffs 
(velocity of sound 1,100 ft. per second) Art. 52 

Ans. I.et AB represent the line of cliffs, M the position of the 
man, and G the position of the gun. M N, the perpendicular 
distance of M from /I A? =*300 
ft. MG also is 300 ft. Therefore G 
and N lie on the circle with M as 
centre and MN as^ radius. 'Drop 
GP perpendicular on AB and 
produce it to G f making PG'=* 

GP. Produce MN to NM* making 
tfM'=MN. Then G' and At' 
are the images of G and M due 
rflection^at AB. A ray GO incident 
on AB at O is reflected along O.Vf 
making the 4. of incidence GOQ^s 

L. of reflcctionQOM , OQ being the norihal to A B at <?. 

Since the echo takes twice as long to ve^ch M as does the 
direct report, we have 
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G0+0.!/«2 GM=* 2 k300—600 ft. 

But GO=OG' .\ G'A/=GO+ 0 Jlf= 6 oo ft. 
r Again MW m2 M$m 2X300=600 ft. 

M'G~MG (by symmetry) = 300 ft. 

Let GOmi t and GP=x 

To find x 

LGOP^LNOM 
GP x 

Sin GOP = , v -^=sin A^D.tf=:cos Ml /0 

\jU l 

# ==^' V = 3 0o __ 

Ui\d 600—11 


Again in the triangle WMG* 


cos M'MG'm 

300 . 

. 1 « 

600—/ 


600*+6or»* — 300^ . 

2xT>oox6oo * 


.g'oc x=225 ft. 

600 B 


4, Explain and illustrate by diagrams the occurance of beats 
when two kirks of nearly the same pitch are sounded together. 
How could you determine which fork is vibrating faster ? Art. 99 

Ans. Load the prongs of one fork with small pieces of wax and 
see whether the frequency of the beats/increases or decreases. If 
the frequency ot the beats increases then this fork is of the lower 
frequency, because loading the fork lowers its own frequency. If 
the frequency of the beats decreases then this fork is of the higher 
frequency of the two. 

5. The pitoii of a musical note is altered if the source or the 
observer move relatively to one another. Explain clearly the 
reason of this phenomenon. Deduce an expression showing the 
relation between the alteration of pitch and the velocities of the 

source, the observer and the medium. Art. 100 

• • 

• 1930 

* * 

1. Show that the velocity of propagation of sound waves in a 
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gas is given by the expressiun A /where E is . the elasticity 

, . • . • • 9 • • 

and P is the density of the gas. What expression will you use 

for the value of E ? Give your reasons for choosing this particulaV 
value ? Arts 44—46. • 

2. # Give the theory of the formation of stationary waves in air 
and in other elastic media, and illustrate your answe.' by consi¬ 
dering the different types of stationary waves with which you are 

familiar in acoustics. Arts, 66—69. * 

* • • 

,3* Write short tootes on the following (a) interference of 
sound waves, ( b ) beats* and ( c ) combination tone. Hdw can the 
existence of these phenomena are shown. Arts. 98, 99, 125 

• * 1931 

* • 

1. Explain with diagrams the nature of the vibrations of a 

tuning fork. What special features make it valuable instrument 
in the scientific study of sound ? Art. 92. # 

2. What is it that enables us to‘distinguish the sounds of the 

different vowels when we hear them, and how do the differences 
• . 1 

arise ? Art. 90. « 

t 1 

3. Explain why sound travels faster and is hearc^ at greater 


distances # in liquids and solids than in gases. 

’ , 1932 


Arts. 90, 117. 


(. Two simple harmonic oscillations of equal frequency and 
amplitude but^'n perpendicular directions are compounded. Find 
the resulting motion graphically. Art. 32 

2. Prove that the frequency of vibrations, of (stretched, string 
is equalto— j\/ ^where T is the tension, l the Ilpgth, and m the 
mass per unit length of the string. Explain- what harmomfcs wil 
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be present and what absent wfien the string is struck at the middle 
point. % 


0 



When a point C of a string AB is pulled aside to D, the form taken 
up by it is that of two straight lines meeting at an obtnse angle 
at D, In the (jgure, CB is one third of AB. From Fourier's theorem 
it follows that the angular-form A.DB tnignl be formed by adding 
ordinates of harmonic curves of which the length of the string con¬ 
tains an ekact number of single bends. Of the infinite number of 
such curves only those are not required which cut the axis at C 
at which the string Is pulled aside. CB being cne third of AB, 
curve ADB might be formed by adding ordinates of harmonic 
curves, which have i, 2, 4, 5, 7, §, etc. of halfs waves in the length 
AB, those which have any multiple of 3 halfwaves being ommited. 
Thus if n be the frequency of the fundamental, the vibrations 
of frequencies n, 2», 4», 5«, jn, 8 h, etc. are likely to be present 
.in the note given out by the string, harmonics of frequencies 3*, 
6«, gx etc. being absent. 1 « 


CB a a 

Similarly if-—— - being a fraction in its lowest term, then 

any harmonic curve which has mb single bends in the length AB, 
cuts the axis at C, where m is a whole number. The components 
of vibration of the string, therefore, are those whose frequencies 
are all multiples of n which are not multiples of bn. 


Again, if the string be touched at some point with a light 
object, then all modes of vibrations of it except those which have a 
node at this point age stopped. Hence when a string is plucked 

at a point ~ qf jis length and damped at a point ~ of its lecgth 

from one end, then the harmonic components of the vibrations will 
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be those whose frequencies are sM multiples of dn but arc not 
multiples of bn. 

*in the^question under consideration A being the middle goint’ 
of AB, harmonics of frequencies 3», 5«, *7« etc. only will be 
present along with the fundamental, and those of frequencies 
4«, 6 m , 3 m etc. only will be absent. * 

3. Explain what you understand by the musical interval 
between two nqpes. What intervals are used in the diatonic- 
major scale, wifat is temperameui, and why is the tempered scale 
used in keyed*inslrumj;nts ? Arts. 121, 122, 123. • 
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